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EXTRACT FROM PREFACE TO VOLUME | 


THE editors have had some difficulty in deciding what is the proper 
field to be covered by reviews of recent progress in biophysics. Ex- 
cluding biochemistry on the one hand and physiology on the other, 
there lies between a vast and rather amorphous field of study of which 
the frontiers and lines of demarcation are anything but well defined. 
On the one hand there is the application of the methods of physics 
to the study of the characteristic molecules of life—proteins, nucleo- 
proteins, lipoproteins and other complex molecules of many and mostly 
unexplored varieties, a study which should perhaps be strictly regarded 
as an aspect of biophysical chemistry—hence the sub-title of the book. 
On the other hand there is the application of physical methods and 
instruments to the study and elucidation of living structures such as 
nerve and muscle fibres, a field in which modern refinements offer the 
greatest promise of progress in the future; progress which will perhaps 
bring its subjects into the first category. Both these fields of work are 
represented in the present volume and the editors have endeavoured to 
maintain a reasonable balance between them. 

It has been our aim to obtain readable and interesting reviews of 
recent progress in selected subjects. Our contributors have been asked 
not merely to compile a précis of recent papers, or annotated lists of 
references, but to write critical reviews in which they discuss the sub- 
jects from their own point of view; which may be read with profit by 
many who are not experts and which will provide scientists with a 
general survey of recent work and ideas. 

Since it is impossible in a single volume to deal at length with more 
than a few topics, it is intended that this volume will be followed by 
others at regular intervals. In time a more complete coverage of all 
the varied aspects of this rapidly developing branch of science will thus 
be built up. 


May, 1950 J. A. V. BUTLER 
J. T. RANDALL 
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Enzymes 294 et seq 
Ephaptic potentials 141 
Epilepsy 149, 169-170 
Equivalence, condition of 208 
Escherichia coli 226 
Evoked potentials 156, 173-174 
Excitability, electrical 121, 122, 124, 130, 
139, 140, 147, 153, 157-160, 172, 174, 
75 
— index 158 
Excitability in relation to waveform 157- 
159 
— maturation of 162, 165 
- regional differences in 132, 157 
Excitation, of brain (see also brain 
176 
nerve 120, 121- 
131, 132, 176 
mathematical theory of 128-129, 149- 
150, 176-178 
mechanism of 
177-179 
spatial distribution of 126, 17 
trans-synaptic 13I—137 
Exponentially falling current 150, 
155, 160-161, 166, 168 
rising current 150, 155-160 
External irradiation, discrete sources for 
114 
Extinction, of response 174 
Extrinsic potential 14! 
Eye (see also ocular movements 


147- 


125, 127-128, 129, 


122, 124, 


Q 
Oo 


sensitiv ity of 194 


FACILITATION 209, 210, 214, 216 

curve of 138, 140 
- brain 156, 170-173, 180 

- — cerebellum 168-169 
secondary 140 

Faradic current 124, 151, 154, 156, 161, 
168 

Fastigial nuclei 168-169 

Feed-back systems 172, 181-182 

Fertilization membrane, birefringence of 
8, 9, 13, 14 

Fibres, flax 30, 45 

— jute 45 

— ‘off’ 214 

— optic nerve 197 

— phloem 32 

— ramie 30, 45 

— sisal 38, 40, 46 

— wood 32, 41 

Fibrillar structure, crossed 44, 46 

Field effect 65 
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Fixation, accuracy of 195 Impedance, tissue 127, 131, 148, 
— (fixatives), effect on birefringence of 154, 159 
3, 6, 14 Impulse, nerve 122, 1 

— point 194 131, 133, 135, 140, 
Flax fibres 30, 45 Impulses 198 
Fluctuations, physical 193 Induction coils 148, 161 
Focal potential in brain 173-174 Influenza 238 
— — in nerve 133, 135-136, 179-180 Inhibition 209, 210, 214, 216, 221 
Forms, immature 233 — biophysical theory of 137-140, 180 
Fourier analysis 147, 153 — curve of 138, 140 
Fowl POX 237 — definition of 137 
Frequency analysis 147 — in brain 162, 171, 
— — automatic methods of 147 — — cerebellum 168 
— — mathematical methods of 147 — production of 125, 
— -of-seeing curves 196, 219 Inosin 63 
Frequency of stimulation 128, 148-150, | Insect viruses 238 

154, 160-170 Insula, stimulation of 167 
— —-— critical values 160, 162, 167- | Interaction 210, 214, 216 

169 Intestinal responses 155, 166-167 
Frequency of stimulation optimal range | Ionic balance in nerve 119, 121- 

of 160 — flow in nerve 122, 123, 127, 12 
— — — physiological effects of 160-170 176 
— — — variation of 160-170, 181 Ionization chamber 91, 93 
Frog 198, 204, 210, 214 Internucleotide linkage, nature of 68 
Fundamental frequency 147, 154 Intracavitary irradiation of the bladder 
Fungi 27 114 

Intrinsic efficiency 95, 98 

GALVANIC current 151, 154 Intussusception 3 
Galvanometers 207 Iodine, radioactive 112 
Gamma-emitters, dosimetry of 109 [onizing radiation 76 
— ray counter 95 Irradiation, external discrete sources for 
Gastric responses 166-167 114 
Geiger-Miiller counter 94, 102 Isochronism 179 
Glandular tissue, birefringence of 4, 5 Isopotential contours about brain 143, 
Glucose, armchair form 20 144, 145 
— boat form 20 — — about nerve 12, 128 
— metabolism in brain 175-176 Isotopes, radioactive, localization of 102 
— — in nerve 124 
Glucose-3-phosphate 64 JELLY coat, birefringence of 8, 9 
Glycerol as imbibition agent 4, 5 Jute fibres 45 
Goal-seeking systems 182 
Golgi cell interneurones 139 KiNG crab (see also Limulus) 198 
Grading of response 179 
Guanine 51, 53, 54) 55» 57> 58) 59 Lactic acid 59, 175 
Guanosin 61, 63, 86 Lapicque shunt 61, 1 
Guanylic acid 63, 64, 65, 66 
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Lens 247 
‘HALF-THICKNESS’ I0I L-fraction of membrane potential 120, 
Halicystis 19 124, 130 
Harmonics 147, 15° Light detector 210, 213 
/ Je Be | 
Heat production in brain 173 — — independent 213, 215, 220 
ze) ‘ J J 
— — — nerve 124, 127-128, 12¢ f Light losses 219 
Homeostat 182 — -scattering by solutions of deoxypen- 
Hydrogen bond 55, 80, 81 tose nucleic acid 83, 8 
) 24 55 
— ion concentration in brain 175 Limulus 198, 205, 209, 213, 221 
— — — — nerve 124 Lipoid 2-11, 13 
Hypoxanthin 57, 58, 59 Lipoprotein 6, 7 
Liquid counter 101 
I3! in the thyroid gland 102 Local potentials, in brain 173, 17 
733 17 
Immediate recovery in nerve 130 — — in nerve 122, 124, 131, 135-136 
: 35 
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Local responses in brain 173-174 

— — — nerve 122, 124, 125, 131, 135- 
136, 139, 177-178 

Logical calculus of nervous activity 180- 

181 

Lumen 33 

Lysis 227 

— by ultraviolet-killed Tar* 234 

— delayed 232 

— in a liquid medium 22¢ 

-Lyxose, « 62 


MATHEMATICAL analysis, of nervous ac- 
tivity, 176-183 
— — implications of 181-183 
— — — activity of brain 180-183 
— — — excitation of nerve 176-178 
— — — synaptic transmission 178-181 
Medulla oblongata, stimulation of 156, 
168-169 
Melocanna bambusoide 43 
Membranes 232, 235 
— nerve 118 
— — as rectifier 118, 1395 
— — electric double layers in 120, 121 
— — E.M.F. 118, 119, 120, 121, 126 
— resistance of 118, 123, 125, 128, 
153, 177-178 
— structure of 118 
potential see also resting potential 118, 
121-126, 128, 131, 146, 177 
Mercerized cellulose, see also Cellulose II 
Metabolic differences, in nerve cells, 
132-133 
Metabolism, influence on development 
of injury 249 
— — — repair of injury 251 
— of brain 172-173, 175-176 
— — nerve 120-122, 124, 127-128, 129, 
131, 132, 175 
Metatropic reaction 5 
Methylation of nucleic acids 74 
M-fraction, of membrane potential 120 
Microfibrils 27, 29, 33, 47, 48 
— orientation 30, 33, 36, 37; 45 
Microscopy, polarized light 1, 14 
Microspores 262, 265, 267, 269, 271, 273 
Middle lamella 32 
Mitochondria 2 
Mitosis 6 
Mitotic inhibition 255, 260 
Molecular weight 74, 75, 76 
Molecules of visual purple 204 
Motor responses to cerebral stimulation 
155-157, 160, 166, 171-172, 174 
— — differentiation with frequency 161- 
166 
— — — — waveform 155, 156 
— — from secondary areas 165 
— — laterality of 162-163, 166 


Motor responses particularity of 162, 164, 
165, 170 
— patterns of 161-165 
— recording of 163 
— relation to alpha rhythm 147 
— variability of 161 
— unit, responses in 156-164 
Moving radioactive sources, detection of 
106 
Multiple hits 211 
Muscle, birefringence of 7, 8 
Mutation 253, 270, 274, 275 et seq, 278 
Myelin sheath, birefringence of 5, 6 
— — of nerve 3 


n, direct determination of 218 
Nerve birefringence of 10, 11 
— block 126, 141 
— impulse 205 
— myelin sheath 3, 4 
Nervous barriers 212 
Neuhouzea Dulloa 43 
Neuronal aggregates, properties of 131, 
132, 141-176 
— networks 172, 173, 180-182 
Neurone, electrical properties of 118- 
131, 176 
Neurones, functional differences in 132- 
133 
— metabolism of 120-122, 124, 127-129 
— polarization of 132, 144-145, 17! 
Nitrogen mustard 259, 263, 274, 275, 
280 
Nothofagus cunninghamit 41 
Nucleate ion, charge of 84 
Nucleic acid 2, 3, 5, 7, 8, 10, 51, 67, 258, 
280, 285 et seq 
behaviour in solution 79 
deaminated 58 
- degradation products 51 
- density of 77 
methylation of 74 
viscosity of solutions of 79-81, 84 
x-ray studies of 77 
Nucleoprotein 7, 67, 250, 254, 287 
Nucleosides 60, 63, 86 
— pk a values of 63 
Nucleotides 63, 86 
— pk’a values of 63 
— ampholytic 65 
— distance between charged groups in 66 
— zwitterionic forms of 64, 65 


OcuLaAR movements 156, 163, 166 

‘Off’ fibres 214 

Oocytes, birefringence of 2 

Opercular region, stimulation of 165 

Optic nerve fibres 197 

Orbital surface, stimulation of 156, 157, 
166-168 
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Oscillators, relaxation 119, 149 

Overlap 210, 220 

Oxidation, intraneural 120-121 

Oxygen consumption of brain 175-176 

— — — nerve, 120, 122, 124 

— tension, influence on radiation effects 
244, 248, 257, 259, 260, 267, 270, 272, 
281, 290 


P*? uptake 235 
Paramecium 254, 256, 274 
Parameters, electrical, of cells 153 
— — independence of 149, 150, 154 
— — of stimulation (see also pulse) 122, 
124, 130, 148, 156, 159, 161, 174 
— — significance of 154 
‘Partial summation’ 222 
Pentose nucleic acid, isolation of 68 
— — — of larvae of Calliphora erythro- 
cephala 73 
— nucleoproteins 67 
Peristalsis 166 
Peritoneum, distribution of Au’ in 103 
Permeability, differential 119, 122 
— of nerve membrane 118-120, 122, 123 
Petit mal 169 
Phloem fibres, 32 (see also rami, flax, 
jute) 
Phosphate metabolism in brain 176 
— — — nerve 124, 129 
Phosphorous, by ultraviolet-irradiated 
coli 232 
— radioactive 110 
Photic stimulation 170, 172 
Photoreactivation 251 et seq, 275 
Physical agents, influence on radiation 
damage 273 et seq 
— fluctuations 193 
Physico-chemical relations in brain 171- 
176 
Plaques 227 
Plasmolysis 32 
Poisson equation 199 
— probability 196 
Polarization in brain 132, 141, 143, I7! 
— — nerve 118, 123, 128, 131, 132, 135, 
144-145, 178 
— — spinal cord 132, 141 
Polarized light microscopy 1, 14 
Polarographic technique 176 
Polymeric electrolytes 82 
Polymerization 294 
Polysaccharides 18 et seg 
Post-central region, stimulation of 156 
— -synaptic soma 132, 133, 135-137, 
139, 140, 173, 179, 180 
Potassium in nerve 119, 120, 122, 123 
Potential, anatomical correlates of, 145, 
171 
— concentration 119, 122 


Potential demarcation 120 
— evoked 153, 156, 173-174 
— fields 128, 140, 143-144, 145 
— phase boundary 120 
— resting 118-126, 128 
Prediction apparatus 171-172 
Prepotentials 124-125, 131 
Presynaptic terminals 132, 133, 135-140, 
1735 179 
Proliferation 231 
Propagation, chemical theory of 123, 128 
— core conductor theory of 128, 131, 
176, 178 
energy aspects Of 124, 127 
in brain 173-174 
— nerve 121-131, 132-133 
velocity of 125-127, 133, 136, 173 ‘ 
Propagation volume conductor theory of 
12, 128 
Protection problems 115 
Protein 2-13 
Protoplasmic textures 233 
‘Pseudo replicas’ 228 
- Pp icas 22 
Psittacosis 237 
Pulse amplitude 122, 148-150, 154-156, 
174 : 
— decay period 155 
— duration 122, 148-149, 150, 155-158, 
174, 177 2 
— form (see also waveform) 150, 154 
— frequency 148-150, 154, 160-170, 174 





Q-FRACTION of membrane potential 120, 
124, 130 

Quanta ‘absorbed by the retina’ 200 

— temporal distribution of 208 

Quantum fluctuations 196 


RADIATION, ionizing 76 

Radioactive iodine 112 

— isotopes, localization of 102 

— phosphorous 110 

— sources, detection of moving 106 

Radiomimetic agents, action of, on nu- 
cleic acid 76 

Rage reaction 169 

Ramie fibres 30, 45 

Ratio, crystalline/non-crystalline 27, 30 

Reactance of nerve tissue 151, 153-154 

‘Receptive field’ 198, 214 

Reciprocal innervation 162 

Recovery, phases of 129-130 

Rectangular currents 122, 154, 155, 157; 
158, 178 

Rectifier, nerve membrane as 118, 135 

Red cell ghost, birefringence of 5, 10, 11 

Refractory period, absolute 130, 131 

— — of brain 157, 175 

— — — nerve 130, 131, 179 

| —— relative 130, 131 
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Repair of radiation damage 251 et seq | Siphonocladus 36 
Resistance of nerve membrane 118, 123, | Sisal fibres 38, 40, 46 
125, 128, 153, 177-178 | Sleep, electrical phenomena in 144 
Resistivity of nerve tissue 151, 152 | — reaction 169 
— theory of 152-153 | Slot machine 207 
Respiration, e Hec ts of cerebral stimula- | Sodium in nerve 119, 122, 123 
tion on 157, 167-168 | Source, electrical, in nerve 126, 135, 139 
Response 205 | Spatial distribution of ionization 294 
Resting potential in nerve 118-126 | et seq 
— — fractions of 120, 124 | Spectra, infra-red, of nucleotides and 
— — mechanism of 119-121, 128 nucleic acids 86 
Retina and retinal image, irregularities | — ultra-violet of nucleosides, nucleo- 
of 203 tides and nucleic acids 86 
— human 198 Spermatogonia and sperm 247, 250, 251, 
Retinal area 209, 210, 217, 220 273 
— threshold, n 206 Spike-and-wave pattern 169, 170 
Reverberation, in brain 172, Spike potential (see also action potential) 
180, 182 122, 126-127, 130, 133, 136 
— in brain 142 Spindle, birefringence of 3, 4. 
Rheobase 124, 127, 158, 177 Spongomorpha 36 
Rhizoclonium 36 Square waves 150, 154, 156-158, 164, 
Rhythmicity of response 156, 165, 171 166, 167, 169 
Ribonuclease 5 Steady state in brain 172, 180, 182 
Ribonucleic acid 64 - — in nerve 118, 121, 131, 172 
— — of tobacco mosaic virus 76 Stimulation, — trical, of brain 124, 
— — — enzymatic degradation of 73 147-176 
— — — formula of 73 - — cere i ids 168-169 
— — — molecular weight of 74-7 | - -— nerve I2I-130, 132-133 
— — — titration of 71, 72 — value of 170-171 


- — yeast 64, 67, 71, 72, 76 Stimulators, criteria of performance 


Ribonuc leotides, bk, values of 64 150-151 

Ribose, d- 51, 60, 62 properties of 148-149, 153, 154, 161, 

Rods 195 166, 167 

— absorption by 195, 219 - types of 147, 154 

Réntgen 9g! Stimulus, general nature of 121, 1, 165, 180 

Root Meristem 246, 248, 256, 261, 265, generators 147-151, 153, 1! 

267, 284, 288 Streaming birefingence 80, 81, nt 

Rupture 232 Strength/duration relation 158, 159, 177 

Striation 35 
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SCANNING mechanisms 146, 172,180,183 | Stroboscope 172 
Scintillation counting 97 Substandards 100 
Sea urchin cortex 14 Summation 210 
— — eggs, birefringence of 3, 6, 8-10 Supplementary motor area “4a 
— — — cytoplasm of 3 Surface-negative response 173- 
Second motor area 165 -positive response 173-174 
Sections 229 Synapse, 131, 133, 178-179, a 
Sedimentation constant ofsodium deoxy- | — components of 132, 133 

pentose nucleate 74, 75, 84 - patterns of 132, 136, 145 
— — variation with ionic strength 75 Synaptic delay 136-137 
Sensitivity 206 — potential 134-137, 140, 145, 179-180 
Servomechanisms 172, 180 — spatial relations of 136-137, 140, 145, 
Shape of deoxypentose nucleic acid in 163, 180 

solution 84, 85 — temporal relations of 136-137, 180 
— — deoxypentose nucleate ion 84 — transmission 133-137, 163, 179-182 
Sine wave 150, 153, 154, 156, 157, 160, ~ — chemical theory of 133 

162, 166 — — electrical theory of 133-137 
— — generators 149, 154 | —-— mathematical theory of 178-181 
‘Single hit’ 211 Synchronization 146 
Sink, electrical, in nerve 126, 135, 136, 


139, 140 


| TEemporRAL pole, stimulation of 157, 167 
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Thalamus stimulation 169-170 
Thermal motion 208 
Thermocoagulation 173-174 
Theta rhythm 143 
Threshold 206 
— of brain 147, 153, 155-157, 163-165, 
172-175 
— — nerve 124, 126, 130, 135, 136, 158, 
177, 179 
Thymine 51-53, 57 
— deoxyriboside 60, 86 
Thyratron stimulator 149, 150, 154 
Thyroid gland I"? in, 102 
Tissue damage 246 et seq 
— — during stimulation 147, 149-150, 
160 
— glandular 4 
— impedance 127, 131, 148, 151-154, 
159 
Tissue load on stimulator 148, 151-154 
- resistivity 151, 152-154 
Tobacco mosaic 237 
— — virus, ribonucleic acid of 76 
Toposcopic analysis 172 
Tracheids, conifer, 32, 35, 
42, 45 
— secondary wall 38 
— — — central layer 38, 45 
— inner layer 38, 45 
— — — outer layer 38, 45 
Tumour 248, 283, 284, 286 
— brain, localization of 104 
Turnip yellow mosaic virus 68 


ULTRACENTRIFUGE 74 
Unconsciousness, brain waves in 143-144 
Uncus, stimulation of 157, 167 

Uracil 51-53, 55-57 

Uridin 60, 61, 63, 86 

Uridylic acid 63, 65, 66 


VACCINIA 237 

Vagus nerve, stimulation of 167 
Valonia 26, 29, 33; 35; 36, 44 
— ventricosa 25, 33, 34 

— macrophysa 33 

— utricularis 33 


Valve oscillators 149 
Variations, biological 215 
~ biological 220, 197, 206, 211 
Velocity of nerve impulses 125, 1 
133, 136, 17: 
Vertebrate eyes 198, 214 
- retina 213 
Vessels 33, 45 
Virus 224, 252, 270, 275 et seq, 297 
— 1n tissue sections 23 
Viscosity of solutions of nucleic acids 79- 
81, 84 
— of cytoplasm 4, 6, 12 
Visual acuity 221 
— purple, absorption by 221 
— — molecules of 204 
Volume conductor theory 128, 143 
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WATER 289 et seg 
Wave length and retinal threshold 221 
Waveform and blood pressure responses 
156-157 
— convulsive responses 155, 157 
- differential motor responses 155, 
156 
- energy requirements 157-158 
— — excitability 157-160 
Waveform and intestinal responses 155 
ocular responses 156 
- tissue damage 149-150 
— of action potential 127 
— — stimulating currents 148-151, 
157-158 
- optimal 150, 155, 157 
physiological effects of 155 
Whole body exposure 243 et seq, 
285 


Wood fibres 32, 41 


X-RAY studies of nucleic acids 77 

Xanthin 57-59 

Xanthosin 63 

YEAST ribonucleic acid, see also ribo- 
nucleic acid of yeast 

Yeasts 277 
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BIREFRINGENCE OF CYTOPLASM 
AND CELL MEMBRANES 


M. M. Swann and Ff. M. Mitchison 


[nN the past ten years there have been a great many papers on the 
birefringence of biological materials, and a recent account of this work 
is given by Frey-Wysstinc!. There are several good reviews, written 
between 1937 and 1944, which cover the earlier work?*®. The most 
complete description of the technique of polarized light microscopy 
was, until recently, that of Scumip7’, which is in German as is PFEIFFER’S 
smaller book®. BENNETT has now written an excellent account in 
English?, and there is a useful short article by Scumirr’®. SwANN and 
Mircuison!! have described a number of ways of improving the sensi- 
tivity of the polarizing microscope, and of measuring the small re- 
tardations that often occur in living cells. There are valuable tables of 
ae Biologicae'*>'. 

In the present chapter we propose to discuss only a small part of all 
this work, namely that on cytoplasm and cell membranes. ‘To do even 
this in detail would need considerable space, so we shall deal for the 
most part only with what seems to us a particularly significant feature 


birefringence data to be found in Tabu 


of this work, the combination of negative intrinsic and positive form 
birefringence* that has been found in living cells by almost every 
investigator. 

More than half the recent papers on the birefringence of cytoplasm 
have been by Monneé!*”*, so that it would be impossible to discuss 
the subject without attempting to summarize his work. To do so, 
however, is not easy, for his papers are written in an obscure Style, of 


which the following passage will serve as an example: 


The general contractility of the cytoplasm is due to the condensation and distension 
of the cytoplasmic texture and to the folding and unfolding of the polypeptide 
chains of the single cytoplasmic fibrils. It has been demonstrated in the present 
paper that the cytoplasmic fibrils are stretched when their texture is condensed, 
under the influence of dehydrating agents. Thus it seems that the cytoplasmic 
contractility is based on an antagonistic principle. The contraction of the cytoplasm 
which is due to the condensation of the cytoplasmic texture is balanced (or 
overbalanced) to a certain degree by the distension which is due to the simul- 
taneous elongation of the cytoplasmic fibrils, particularly those which are oriented 
in radial direction. On the other hand the distension of the cytoplasm which is 
due to the loosening of the cytoplasmic texture may be counteracted by the simul- 
taneous contraction of the single cytoplasmic fibrils, particularly those which are 
oriented in radial direction”. 

* For simplicity we refer the sign of birefringence to the long axis of elongated cytoplasmic structures, to the 


radius of asters and to the tangent of membranes. Using this convention, extended protein chains would, in 
each case, give a positive birefringence. 
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All of MonNE’s papers consist of a mixture of observation and 
speculation, but in some of the later ones the speculative element 
undoubtedly predominates. Having postulated a cytoplasmic structure 
of fibrils, an idea that, as we shall see, is open to some doubt, he 
proceeds to speculate on the role of the fibrils in a wide range of 
biological activities. Of nervous conduction for instance, he says 
‘probably the polypeptide chains of the cytoplasmic fibrils are folded 
and stretched during nerve conduction. Disappearance and _ subse- 
quent appearance of ribonucleic acid prove that proteins are broken 
down upon excessive stimulation of the nerves, and re-synthesized upon 
recovery. It is probable that, in nerves stimulated until the animals 
are exhausted, the polypeptide chains are so rapidly folded and un- 
folded that they break, the broken polypeptide chains being easily 
attacked by proteolytic enzymes”™, It is hard to see that such remarks 
serve a useful purpose at the present time. 

The factual material of MONNE’s papers consists mainly of obser- 
vations on the effects of a wide variety of agents such as hypo- and 
hypertonic media, fixatives, narcotics, dyes and enzymes on cyto- 
plasmic structure in the sea urchin egg and various other cells. But the 
effects of many of these agents are so uncertain and so complicated that 
many of his conclusions carry no great conviction. It is difficult to 
know, for instance, what to make of the observation that a particular 
birefringence shows up most clearly when the cells are left to evaporate 
in a solution of sodium chloride and chrysoidin"®. It is true that a 
critical study of the effects of these different agents would be valuable, 
but the results are in fact presented in such a disconnected fashion that 
comparisons are difficult. 

It would seem also that Monnk is not fully aware of how equivocal are 
isolated observations on birefringence, and he appears to take it for 
granted that because some structure shows positive birefringence with 
respect to its long axis, it must therefore consist of protein, while a 
negative birefringence is necessarily caused either by nucleic acid 
fibres or normally oriented lipoids. Nor does he make a serious attempt 
to separate form from intrinsic birefringence. Where he speaks of a 
positive birefringence, it is far from clear in every case that the in- 
trinsic birefringence is actually positive, and while several of his ex- 
perimental procedures must certainly have considerable effects on 
form birefringence, there is almost no mention of the fact. Finally, one 
can only regret the general absence of polarized light photographs, and 
the lack of quantitative treatment. 

In several of his earlier papers Monn describes a radially positive 
polarization cross in the cytoplasm of various cells, mainly oocytes. He 
concludes that this is not due to mitochondria or other cell inclusions, 
but to ground cytoplasm itself, and he finds that it is transformed into 
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a negative cross under the action of alcohol and detergents. On these 
grounds he postulates a concentric lamellar structure like the myelin 
sheath of nerve, with extended protein chains and interleaved radially 
oriented lipoids. The change of sign on treatment with alcohol or 
detergents he attributes to the removal of the lipoids. 

In later papers, MONNE adopts a slightly different point of view. 
After fixation with various agents, he finds in the cytoplasm of sea 
urchin eggs a meshwork of fibrils lying in a clear matrix. This leads 
him to suggest that living cytoplasm is composed of a ‘structured 
phase’ of fibrils suspended in a fluid ‘enchylema’. He obtains a similar 
effect when living eggs are treated with various reagents, particularly 
sodium azide. These fibrils are banded structures in which basophilic 
and non-basophilic elements alternate. The non-basophilic elements 
he supposes to be protein, while he describes the basophilic bands as 
‘chromidia’ containing nucleic acid. He regards these banded fibrils 
as being essentially like the giant salivary gland chromosomes of Dip- 
tera and, by analogy with them, he maintains that the nucleic acid in 
the chromidia is not ortented. The protein element can, he thinks, 
exist either in an extended or a folded-up condition. 

A structure such as this would be expected to give rise to a positive 
birefringence with respect to the long axis of the fibril, but he finds 
that the aggregations of the fibrils produced by sodium azide in fact 
show negative birefringence. By analogy with his earlier observations 


on the reversal of the sign of birefringence after treatment with alcohol, 
he assumes that the negative birefringence of the fibrils is due to lipoid 


molecules oriented at right angles to them. 

Although the cytoplasmic fibrils are visible in the microscope, he 
estimates their thickness at about o*1u. This is accompanied by the 
statement that, though their width is below the limit of resolution, 
they are nevertheless visible because their length is above the limit 
of resolution”. 

In the isotropic cytoplasm of the unfertilized sea urchin egg, MONNE 
imagines that the fibrils are arranged at random. In the sperm aster 
and streak stages however, he envisages a condensation of the ‘struc- 
tured phase’, thus explaining the negative birefringence of the streak. 
The relatively strong positive birefringence of the spindle and amphi- 
aster on the other hand he considers as being due to a change in the 
form of the fibrils, in which the protein element is unfolded. It is 
not clear what becomes of the lipoid. 

There are, it seems to us, numerous objections to MONNE’s conception 
of the structure of cytoplasm. In the first place, it rests entirely on the 
effect of certain fixatives and other reagents the action of which is by 
no means certain, and while no one denies that the protein molecules 
of cytoplasm are capable of condensing to form fibrils, this in no way 
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proves that they normally exist in such a form. Indeed, it was shown 
more than fifty years ago by HARpy and Fiscuer that the structure 
of fixed protoplasm depends on the fixative used. The consistently low 
values that are obtained for the viscosity of ordinary cytoplasm also 
argue strongly against the existence of large aggregates, particularly 
of a fibrillar type, except of course in certain structures such as the 
spindle. ‘The elongate molecules of myosin for instance form a gel at 
concentrations as low as 2 per cent. 

Some justification can be found for MoNnNE’s original conception of 
concentric lamellae of lipoid and protein, since it is analogous to 
structure of the nerve myelin sheath. But his later idea, of protein 
fibrils with birefringence compensated by perpendicularly arranged 
lipoid molecules, seems to have very little basis indeed. For the time 
being it would perhaps be better to regard MONNE’s cytoplasmic fibrils 
as abnormal aggregates produced by his special treatments. Ultimately, 
it may be possible to explain both their mode of formation and their 
banded structure. It is significant that rather similar aggregates have 
been found by Scumirr?’ in nerve axoplasm. He noticed, however, 
that the form of the fibrils varied according to the method of precipi- 
tation, and he concluded that there was no reason to suppose that such 
aggregates actually exist in living axoplasm. 

An interesting quantitative study of cytoplasmic birefringence has 
been made by HiLtLarp and OLIvecrona”® on a wide range of mam- 
malian glandular tissues. Sections of most of these tissues, when fixed 
in formalin, show no birefringence in water, although in a few cases 
there is some negative birefringence. When the tissue sections are 
imbibed with glycerol, however, a relatively strong negative bire- 
fringence appears in almost every case. If the sections are treated with 
alcohol on the other hand, a positive birefringence is produced, which 
drops to nil on imbibition. 

These are essentially the same findings as those of Monng in his 
earlier papers, and HiLLarp and OLIvEcRONA put forward a similar 
explanation, namely that the cytoplasm consists of protein and lipoid 
lamellae of which the opposing birefringences cancel out. Alcohol 
treatment dissolves away the lipoids and leaves only protein lamellae, 
which show a positive form birefringence that is abolished on im- 
bibition. An examination of the imbibition curves for sections that 
have been treated with alcohol reveals, however, one curious feature, 
namely that they fall to a minimum value of zero, instead of about one 
half or one third of the total. In other words, it would appear that 
treatment with alcohol leaves behind a protein structure with form, 
but no intrinsic birefringence. It is hard to see how lamellae of extended 
protein molecules could in fact give rise to such a state of affairs. 
Hitiarp and Oxrvecrona do not discuss this point in detail, though 
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they do remark that nucleic acid may possibly be oriented alongside 
the protein. This might give rise to fibrils that were intrinsically 
isotropic, if the protein and nucleic acid were present in comparable 
amounts. But in fact the amount of nucleic acid in cytoplasm is always 
far below the amount of protein and it has yet to be shown that nucleic 
acid exerts any significant effect on cytoplasmic birefringence. HtLLARP 
and OLIvecRONA bring forward a second piece of evidence that the 
negative birefringence is due to lipoids. They find that sections imbibed 
in glycerol lose their negative birefringence if they are heated to 100°C, 
but regain it as they cool down again. This they interpret as being due 
to a disorientation of lipoids on warming, followed by a re-crystal- 


lization on cooling. 

Notre” also examined glandular tissue (pancreas), and found that 
the cells show birefringence, though he gives very few details. He did 
however discover that the birefringence was abolished by treatment 
with ribonuclease. This is an interesting finding, since, as we have 
pointed out earlier, there is almost certainly not enough nucleic acid 


in cytoplasm to have a direct effect on birefringence. 

Hosson”’ examined chick embryos and found a birefringence in the 
neural plate which was negative with respect to the length of the 
embryo. Most of the birefringence came from the cell and nuclear 
membranes. When the embryos were treated with glycerol or solutions 
of electrolytes (sodium chloride, potassium chloride, calcium chloride, 
sodium bicarbonate), he found a metatropic reaction 7.e. a reversal of 
the sign of birefringence. He supposed this to be due to a mixed lipoid- 
protein system like the myelin sheath, on the grounds that the positive 
birefringence disappeared after half an hour’s soaking in alcohol and 
acetone. The concentrations at which he used his electrolytes, however, 
were not high enough for these agents to have acted as high refractive 
index imbibition fluids, and to have reduced the protein form bire- 
fringence to any appreciable extent. It is more likely that they were 
in fact altering the degree of hydration of the proteins. The use of 
glycerol as an imbibition agent is also open to certain objections. Some 
cells, like red cell ghosts, return to their normal size and shape after an 
initial period of distortion, but many cells that we have examined 
show a permanent distortion as a result of dehydration. We suspect 
that much of the so-called intrinsic birefringence, which is found after 
imbibing large intact cells with glycerol, is actually due to this effect. 

In the work we have so far discussed, cytoplasm has been supposed 
to consist of a protein and lipoid structure rather resembling the myelin 
sheath of nerve. As we shall meet this idea again in connection with 
muscle and with cell membranes, it is as well to consider how far the 
analogy is justified. Even on its face value it is rather dubious. The 
myelin sheath is a specialized structure, probably concerned with 
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the electrical transmission of nerve impulses, and there is no obvious 
reason why normal cytoplasm should have a similar structure. 

We pointed out earlier that a structure resembling the myelin sheath 
and containing considerable quantities of extended protein should 
show high viscosity and rigidity. But the measurements of Crick and 
Hucues*, and other workers show that cytoplasm has in fact a low vis- 
cosity and rigidity, suggesting that the proteins are mostly in a globular 
condition. Finally it is doubtful whether there is enough lipoid in 
ground cytoplasm to produce a structure like the myelin sheath. Many 
cells contain considerable quantities of lipoids, but these are mainly in 
granules and cell inclusions; ground cytoplasm is thought to contain 
only about 2 per cent of lipoid as opposed to about 10 per cent of 
protein”, The myelin sheath, on the other hand, contains 78 per cent 
of lipoid and 15 per cent of protein*’. This is not to say that lipoproteins 
do not occur in cytoplasm, but simply that they are not likely to be 
responsible for the birefringence. 

Our own work on cytoplasmic structure in sea urchin eggs seems to 
show that there is an arrangement with positive form and negative 
intrinsic birefringence to be found at certain stages of the mitotic cycle. 
SwaNnn>*35. in the course of a quantitative analysis of birefringence 
changes in mitosis, recognized two basically different cytoplasmic 
patterns. The first is found in the sperm aster, the streak and the late 
anaphase asters, where the living birefringence varies from weakly 
positive to weakly negative, while the intrinsic birefringence is appar- 
ently negative. In the second pattern, to be found only in the spindle 
and asters in prophase, metaphase and early anaphase, the living 
birefringence is strongly positive, and the intrinsic birefringence proba- 
bly positive as well. 

A proper analysis of the birefringent properties of these two patterns 
is difficult, since almost every fixative, reagent, and imbibition fluid 
produces rather different effects. In an endeavour to clear up some of 
the confusion, a study has been made by SwANnn*® on eggs at several 
different stages of mitosis, the birefringence of the living egg being 
compared with the birefringence after fixation and imbibition with 
a number of different agents. The results are complicated, but one 
series of experiments does throw some light on the question of the 
negative intrinsic pattern. When a sperm aster is fixed in formalin, 
treated with ethyl alcohol and finally imbibed, the intrinsic bire- 
fringence is positive, as would be expected from the findings of MONNE 
and others. But the same effect is also produced by treatment with 
ethylene glycol, which is not a lipoid solvent, having an olive oil / 
water partition coefficient of only 0°0005, as opposed to 0°03 for ethyl 
alcohol. Propyl alcohol on the other hand, with a partition coefficient 
of 0°13, often produces a negative birefringence, though its effect is 
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variable. Such results as these suggest that the reversal in sign may not 
be due to dissolution of the lipoids. Certainly it is doubtful whether a 
short treatment with alcohol would be enough to remove them, for it 
is well known that drastic methods, such as prolonged boiling with 
alcohol and ether, are necessary to separate all lipoids from lipoprotein 
complexes. It is significant, too, that reversal can be brought about 
by a few seconds treatment with ethyl alcohol. If the reversal in sign 
is not due to the removal of lipoids, one is inclined to consider the pos- 
sibility that it may be due to the dehydrating or denaturing effect of 
ethyl alcohol. Dehydration, and possibly denaturation, might also be 
produced by ethylene glycol. It is clearly essential to know more of 
these effects before we can make much progress on the question of the 
reversal in sign. 

The evidence, in short, seems to us to point to the idea that the 
negative intrinsic birefringence may be a function of the protein mole- 
cules themselves and not of any associated lipoids. Various molecular 
arrangements might give this effect, the only essential being that the 
protein chains must lie predominantly at right angles to the long axis 
of the micelles. The reversal of sign on treatment with alcohol would 
then be the result of a molecular change induced by dehydration or 
denaturation. Such a change could alter intrinsic birefringence but, if 
the micelles were not affected, would leave the form birefringence 
intact. We shall return again to this idea of proteins as the cause of 
negative birefringence, after a consideration of the structure of muscle 
cytoplasm and of cell membranes. 

The birefringence of smooth and striated muscle has been well re- 
viewed by FiscHEr*. There are, however, two recent investigations on the 
structure of striated muscle which are relevant to the problem of inter- 
preting form and intrinsic birefringence, and should be mentioned. 

GerRENDAs and Martottsy*’~*? claim to have shown the presence of a 
nucleoprotein, which they call N-protein, in the isotropic bands of 
mammalian striated muscle. They believe that the negative bire- 
fringence of this V-protein compensates the positive birefringence of 
the actomyosin. These results are interesting and it would be well 
worth repeating them. There is, however, so little nucleoprotein in 
muscle that it seems very unlikely that it could produce a sufficiently 
strong negative birefringence®. Some of GERENDAs and Maro .tsy’s 


quantitative results also seem doubtful. Their values for the total 
birefringence of muscle are two to three times higher, and for the 
intrinsic birefringence five times higher, than those of other workers. 
The minimum of their imbibition curves also comes at n 1°48 as 
compared with the minimum at n = 1°57 given by FiscHEr. 
Dempsey, WIsLocKI and S1InGER* have carried out a detailed investi- 
gation of the staining reactions of striated muscle. They find that the 
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I-bands stain diffusely with lipoid stains, but that after prolonged 
boiling in alcohol the stain disappears, and the /-bands show as much 
positive birefringence as the A-bands. ‘They suggest, therefore, that the 


lipoids are contributing a compensating negative birefringence, in the 
same way as GERENDAS and Maro .tsy’s N-protein. There are two 
objections to this idea. First, as with cytoplasm, there is probably not 
sufficient lipoid, since a preliminary analysis by PERRy* indicates that 
the total lipoid content of myofibrils is only about 4 to 7 per cent of the 
dry weight. Secondly, the treatment of boiling in alcohol might well 
be expected to cause a profound change in the protein structure. Once 
again, in fact, it seems that we have to explain the birefringence of 
muscle in terms of protein rather than lipoid or nucleic acid. Since the 
electron microscope shows no disorientation of subfibrils in the isotropic 
bands we may have to think of protein chains running at right angles 
to the fibre axis in these regions. 

Much of the recent work on the birefringence of cell membranes is 
contained in a series of studies on the sea urchin egg by the Swedish 
school of cytologists, RUNNstR6M, Monné and collaborators”, These 
authors have distinguished the following surface layers in the mature 
unfertilized egg, working trom the outside inwards: 

1 the jelly coat, a thick mucoprotein coating which disintegrates some 
time after the eggs are shed 

2 the vitelline layer, which gives rise to the fertilization membrane 

3 the luminous layer, or plasma membrane, containing granules and 
lipoids 

4 the cortex. 

After fertilization, the fertilization membrane is lifted off the egg surface, 

and the clear hyaline layer, or hyaloplasm appears just outside the cell. 

There can be no doubt of the separate existence of the jelly coat, 
the fertilization membrane, the hyaline layer and the cortex. These 
four are readily distinguishable in a number of ways. But the evidence 
for the separate existence of the vitelline and luminous layers seems to 
us less satisfactory. It is unfortunate that the authors do not produce 
any photographic evidence. In fact, they state that the vitelline layer 
is not normally visible, either in ordinary or polarized light, but that 
it can be detected after immersing the eggs in hypotonic water. Such 
a treatment, however, is likely to produce extensive changes of the 
protoplasmic state in the surface, and can hardly be regarded as 
adequate evidence by itself. They also quote the observation of 
CHAMBERS, that a layer can be removed from an unfertilized egg, 
after which no fertilization membrane is formed. But again, it is well 
known that even quite mild mechanical treatment will inhibit mem- 
brane formation, without any question of removing layers. The fact 
that treatment with various proteolytic enzymes inhibits membrane 
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formation certainly shows that the egg surface is altered, but it does 
not prove that a morphologically distinct layer is digested away. 

The luminous layer is visible in dark ground, but here again there 
seems to be no adequate reason for supposing it to be morphologically 
distinct from the cortex, and our own observations indicate that the 
birefringent and the light-scattering layers are, within the errors of 
observation, in the same place. ‘The fact that the edge of a sea urchin 
egg is a curved surface of rather large radius, with a sharp refractive 
index discontinuity, together with the fact that it can only be ex- 


amined at relatively low numerical apertures, make it certain that dif- 


fraction effects will be very serious and that it will be impossible to 
distinguish separate layers without elaborate precautions. In fact, 
RunnstrOM and MonnE make no reference at all to the difficult optical 
problems involved. 

The fertilization membrane and the jelly coat are extra cellular 
structures, so that strictly speaking they fall outside the scope of the 
present discussion. It is worth mentioning, however, that the jelly 
coat, although it is completely isotropic in the normal course of events, 
does apparently contain a structure in which form and _ intrinsic 
birefringence are acting in opposition. MOonngE finds, for instance, that 
if it is lightly stained with dye, it becomes quite strongly birefringent. 
Monngé himself postulates a concentric lamellar structure. 

There is general agreement that the fertilization membrane, which 
shows positive form and positive intrinsic birefringence, must consist of 
extended protein material lying in the plane of the membrane. When 
it is first elevated it is fragile and only weakly birefringent. RUNNsTROM 
and Monnge believe that the increase of birefringence and of mechanical 
strength is due to the action of granules that are liberated from the 
surface of the egg just after fertilization. They imagine these granules 
to act by crosslinking the extended protein structure. It should be 
mentioned, however, that crosslinking might be expected to reduce 
the birefringence, so that there is probably some crystallization of the 
protein at the same time which accounts for the progressive increase 
in birefringence of the membrane. 

RuNNstROM, Monné and collaborators also find that the cortex is 
tangentially negative, both in the sea urchin egg, and in a number of 
other cells, and they maintain that this is due to a structure of protein 
lamellae, interleaved with layers of radially arranged lipoid molecules. 
This is the same arrangement that MONNE and others have suggested 
for cytoplasm, and it appears to rest on the same piece of evidence, 
namely that treatment with alcohol or detergents reverses the sign of 
birefringence. This, as we have seen earlier, is supposedly due to the 
dissolution of the lipoids, leaving only the protein lamellae in position. 
But, as Monné and his collaborators admit, both alcohol and detergents 
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have powerful denaturing effects on proteins, so that it is by no means 
certain that their effect on membranes can be interpreted solely in 
terms of their effect on lipoids. In later papers they suggest that nucleic 
acid molecules may also lie in the plane of the surface and contribute 
to the negative tangential birefringence, but they bring forward no 
evidence in support of this view. 

In a series of papers dealing with the sea urchin egg cortex, MONROY 
and his collaborators at first adopted a rather different point of view”, 
believing the cortex to be entirely composed of lipoids. But in later 
papers” they inclined to the view that it was a lipoid protein struc- 
ture, essentially like that proposed by Monne. At the same time they 
investigated the changes in birefringence in the living cortex at dif- 
ferent stages of development™ >. They found a marked decrease in 
negative birefringence at fertilization, a rise again at the beginning of 
anaphase, and a second fall at cleavage, and they noticed that the 
periods of high birefringence were associated with a relatively rigid 
cortex, while low birefringence was associated with a more fluid con- 
dition. There is no doubt that these changes are connected with the 
structural changes that occur in the cortex at fertilization and cleav- 
age, but for the time being a detailed explanation of their significance 
is not possible. 

Mircuison and Swann” have investigated sea urchin cortex and 
find that negative birefringence increases on imbibition. Mrrcuison*? 
also finds that positive birefringence of the cell membrane of Amoebae 
changes to negative on imbibition. Taking these results together with 
the results of earlier work on the birefringence of cell membranes, we 


arrive at the following table: 





Membrane Birefringence with respect to the tangent, Birefringence on 
in water or saline imbibition 


Amoeba* ’ 

Nerve metatropic sheath* 
Nerve cells*® 

Red cell ghosts” 


7 Lb. : 56 
Sea urchin eggs 





Since all these membranes show an increase of negative birefringence 
on imbibition, they must all possess a negative intrinsic and a positive 
form birefringence. Their sign of birefringence in the living state is then 
presumably determined by the relative amounts of form and intrinsic 
birefringence. 

This combination of positive and negative birefringence is evidently 
common in both the cortex and the cytoplasm of cells, and it has always 
been interpreted as being due to a structure, either of a lamellar or a 
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fibrillar nature, in which extended protein chains and lipoid molecules 
are arranged at right angles to each other. We have shown, however, 
that there are many inconsistencies in this scheme, and that the effect 
of alcohol is doubtful. We have suggested instead that an explanation 
in terms of a new protein arrangement is required. But the fact remains 
that so far we have offered no definite proof, and since there are con- 
siderable quantities of lipoids present in all the structures we have 
discussed, it is always possible that lipoids are, in fact, the cause of the 
negative birefringence. Recently, however, Mrrcuison®'? has carried 
out a polarized light analysis of the red cell ghost. By taking into account 
the geometry of the surface and the effects of diffraction, he was able 
to show that the wet thickness of the ghost membrane in glycerol was 
about 0°5 wu. This membrane is negatively birefringent, and, since it is 
known from chemical analysis that there is only enough lipoid to form 
an approximately bimolecular layer at the surface, the birefringence 
must be almost certainly due to the proteins. He has suggested that 
the protein molecules are arranged in a looped configuration like 
Chinese crackers with the micellar axes tangential and the main molec- 
ular axes radial. There are, of course, other possible protein arrange- 
ments which could produce the same combination of positive form 
and negative intrinsic birefringence; but the important point is that 
this combination must be largely caused by protein and not by lipoid. 

A similar though less clear-cut result has been obtained for the 
metatropic sheath of squid giant nerve fibres. This sheath is morpho- 
logically in the correct position for a cell membrane, and it is not 
unreasonable to regard it as such. McCoutu and Rossirer® have 
recently analysed the lipoid content of squid giant nerve fibres and, 
although they do not point it out, their figures only allow enough 
lipoid in the metatropic sheath for a unimolecular or possibly a 
bimolecular layer. Since the sheath was found by Bear, Scumirr and 
Younc® to be about 3 to 4 yu thick, its negative birefringence on im- 
bibition cannot be due to lipoids. It is likely that the birefringence is 


due to proteins, arranged in a way similar to that of the red cell, but 
the possibility that other substances such as nucleic acids are involved 


cannot be excluded. 

The fact that the negative intrinsic birefringence of the cortex can be 
proved in two instances not to be due to lipoids does not of course prove 
the case for all other cell membranes. Still less does it prove that negative 
intrinsic birefringence in cytoplasm is not due to lipoids. But, as we have 
pointed out earlier, we think that the idea merits some careful thought. 

We have to think first, in a little more detail, of exactly what 
structure will give negative intrinsic and positive form birefringence. 
Positive form birefringence whether in the cortex or the cytoplasm 
requires elongate micelles. The negative intrinsic birefringence on the 
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other hand, if it is due to proteins, requires the polypeptide chains to 
run transversely in the micelles. Such an idea is not altogether without 
+7 have postulated a crossed $-con- 


foundation. AsTBuRY and others 
6 believes that the 


figuration -in a number of proteins, and PERuTz 
haemoglobin molecule is like a pile of disks, with polypeptide chains lying 
in the plane of the disks. There is also a considerable body of evidence 
from the electron microscope, that fibres may be formed by the aggre- 
gation of globular particles” ”, an arrangement that might possibly give 
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Model 

of the cell 
membrane. 


negative intrinsic and positive form birefringence. In a recent review 
Kopac”™ strongly supports fibril formation by the aggregation of 
spherical particles, as opposed to the aggregation of pre-existing fibrils 
of the type suggested by Monn®&. This conception has one great ad- 
vantage over Monne’s ideas, in that it explains how cytoplasm may 
at one moment have a low viscosity, and yet a few moments later may 


have formed a rigid gel. 

On the basis of the work we have discussed, we feel tempted to put 
forward a new model for the structure of the cell membrane (Figure 1). 
The main ‘structural membrane’ is, we believe, a hydrated protein gel, 
consisting of elongated micelles, lying in the plane of the membrane, 
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but in which the polypeptide chains are looped and folded transversely. 
This arrangement is responsible for most of the birefringence and, in 
particular, for the combination of positive form with negative intrinsic 
birefringence. ‘The protein material is certainly not in the condition 
normally described as extended, nor on the other hand can it be 
considered as globular, and we prefer to think of it as being in some, as 
yet undefined, intermediate state. ‘This structural membrane would be 
responsible for the mechanical properties of the whole membrane, 
such as elasticity. It would vary in thickness, from 0°5 uw for the red 
cell, to about 3 to 4 u for the squid giant fibre, depending presumably 
on the size of the cell. Outside this structural membrane would be a 
uni- or bi-molecular layer of lipoid responsible for electrical and 
permeability properties, and outside this again might be a thin layer 
of uncertain composition, responsible for immunological properties. 

It is clear from what we have said that there is a great need for 
a more quantitative approach to birefringence, but it is evident from 
an examination of the recent literature that various authors have dealt 
in an unsatisfactory and misleading way with this aspect of polarized 
light microscopy. 

A good example of this is the following extract from a paper by 
RunnstROM, MonnEéE and Wickiunp* in which they measure the 
thickness of the fertilization membrane. ‘We are concerned in the case 
of the fertilization membrane with a negative form birefringence due 
to alternation of protein and water layers. Practically no birefringence 
is shown when the immersing medium is glycerol. The form bire- 
fringence of the membrane was calculated according to Wiener’s 
formula (cf FRIEDEL) on the assumption that n, 1°45 (the refractive 
index of glycerol) and n, 1°33 (the refractive index of water). 
Furthermore, the relative volumes of protein and water were assumed 
to be equal (6, d, 0'5). On these assumptions the value of the 
birefringence (mg— mo) was found to be about o’or. Thus the thickness 
of the membrane would be of the order 1 u according to the well known 
formula I’ =d (ng— no) where J’ (amounting to 12°5 my.) means retard- 
ation, d the thickness, and (ng nm) the birefringence.’ 

It would be hard to find a more compact collection of errors and 
unjustified assumptions. First, x, should be about 1°55 which is the 
refractive index of protein; there is in fact a residual birefringence in 
glycerol. This introduces a factor of about 3 in the calculations. 
Secondly, equal volumes of protein and water cannot be assumed 
without some justification, since Wiener’s formula is quite sensitive to 
these volumes. Thirdly, the value for (x2— 9) comes out from Wiener’s 
formula at about 0°005 rather than o’or. Fourthly, the optical axis of the 
fertilization membrane is radial, so the birefringence only appears at 
the edge; it is incorrect to measure the retardation at the edge of a 
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thin membrane without taking diffraction into account. Finally, the 
maximum retardation at the edge ofa spherical membrane is produced 
by the ray which is the tangent to the inner edge of the membrane. 
The thickness of membrane traversed by this ray is obviously not the 
radial thickness of the membrane. In a fertilization membrane 1 UL 
thick (radius = 50 yw), it would be some twenty times greater. As a 
result of these calculations the thickness of the fertilization membrane 
was found to be 1 yp. This is twenty times greater than the value of 
500 A found by Mrrcuison’ from a more accurate polarized light 
analysis, and checked by another method. 

Unfortunately this sort of calculation is not an isolated example. 
The last two errors also occur in a measurement by RuNNsTROM and 
MonneE* of the thickness of the sea urchin cortex, together with the 
assumption that the coefficient of birefringence of the cortex is the 
same as that of lecithin. Monroy and Oppo"! also measured the thick- 
ness of the cortex and, although their error was less serious than those 
of RuNNstROM and Monng, they appear to have neglected completely 
the question of diffraction. 

It is unfortunate that the quantitative aspect of polarized light mi- 
croscopy has often been ignored, for we believe that there is great scope 
for this type of analysis in cyto BY» particularly in the dynamic study 
of processes in the living ce ll. Geometrical analyses of structure®™ and 
comparative studies of a dynamic process** have also the advantage 
that they can lead to conclusions that are independent of the particular 
meaning that may be assigned to the birefringence. 

Difficulties begin, however, when one attempts to deduce the actual 
cause of birefringence, and it is evident that most of the argument 
about negative and positive birefringence for example springs from the 
very equivocal nature of the evidence when it comes to an interpretation 
in molecular terms. But as long as there are so few methods that 
can be applied to the analysis of fine structure in living cells, there 
will always be a need to push birefringence methods as far as they will 
go, and to try to work out in detail how particular molecules are 
oriented. Under these circumstances we feel bound to emphasize that 
isolated polarized light observations are of little value, and if they are 
observations made with some agent the effect of which is uncertain, 
they are liable to be positively misleading. If we are to argue with any 
degree of certainty from birefringence data to molecular orientation, 
it is necessary to make a series of observations in which a wide range of 
fixatives, agents and imbibition fluids is used on the same material, and 
where the contributions of form and intrinsic birefringence are disen- 
tangled so far as is possible. Finally it is essential to use other techniques 
of biophysics and biochemistry to supplement and confirm the obser- 
vations in polarized light. 


14 





REFERENCES 


REFERENCES 


1 Frey-Wyss.inc, A. Submicroscopic Morphology of Protoplasm and its Derivatives New 
York, 1948 
2 Scumipt, W. J. Die Doppelbrechung von Karyoplasma, Zytoplasma und Metaplasma 
Berlin, 1937 
ScumiTt, F. O. Physiol. Rev. 19 (1939) 270 
Picken, L. E. R. Biol. Rev. 15 (1940) 133 
ScumiptT, W. J. Protoplasma 37 (1942) 86 
Scumitt, F. O. Advances in Protein Chemistry, I New York, 1944 
Scumipt, W. J. Handb. biol. Arb. Meth. 5/10 (1934) 435 
Premrer, H. H. Das Polarisationsmikroskop Braunschweig, 1949 
Bennett, H. S. Cited in McCune, C. E. (Ed.) Microscopical Technique 3rd ed. 
New York, 1950 
Scumitt, F. O. Cited in GLasser, O. (Ed.) Medical Physics Chicago, 1947 
Swann, M. M. and Mircuison, J. M. 7. exp. Biol. 27 (1950) 226 
BucHuTHAL, F. and Knappeis, G. S. Tadbul. biol., Berl.1g/1 (1939) 346 
Frey-Wyss.iinc, A. and BLANK, F. ibid 19/3 (1948) 30 
Monne, L. &. ellforsch. 31 (1940) 91 
Ark. Kool. 
ibid B 34 
ibid B 34 
ibid A 35 
ibid A 36 
Experientia 2 


tbid A 39 (1947) 7 
Advances in Enzymology, VIII New York, 1948 
Ark. Xool, A 42 (1950) 4 
ibid New Series 1 (1950) 101 
Scumirt, F. O. Communication to 7th International Congress for Cell Biolog 


Haven, Conn., 1951 
Hivvarp, N. A. and Oxtvecrona, H. Acta anat., Basel 2 (1946) 119 
Notte, A. <. Naturf. B 2 (1947) 295 
Hopson, L. B. 7. exp. Zool. 88 (1941) 107 
Crick, F. H. C. and Hucues, A. F. W. Exp. Cell Research 1 (1950) 37 
SponsLeR, O. L. and Batu, J. D. The Structure of Protoplasm Iowa, 1942 
Scumitt, F. O., Bear, R. S. and Pater, K. J. 7. cell. comp. Phystol. 18 (1941) 31 
Swann, M. M. 7. exp. Biol. 28 (1951) In press 
ibid In press 
FiscHER, E. Ann. N. Y. Acad. Sci. 47 
’ GerenDAs, M. and Marottsy, A. G. Hung. Act. Physiol. 1 (1947 
ibid 1 (1947) 128 
Marovtsy, A. G. and GerenpbAs, M. ibid 1 (1947) 116 
BAILEY, K. and SANGER, F. Ann. Rev. Biochem. 20 (1951) 
Dempsey, E. W., Wistockt, G. B. and Sincer, M. Anat. Rec. 96 (1946 
Perry, S. V. Biochim. Biophys. Acta In press 
RUNNSTROM, J., Monné, L. and Broman, L. Ark. Zool. A 35 (1944) 3 
Monn, L. ibid B 35 (1944) 3 
RuNnsTROM, J. and Monne, L. Cited in The Svedberg Uppsala, 1944 
- - Ark. Zool. A 36 (1945) 18 
- ibid A 36 (1945) 20 
— — and Wicxkvunp, E. 7. Colloid Sci. 1 (1946) 421 
Monné, L. and Wick.unp, E. Ark. Zool. A 39 (1947) 4 
RuNnstrOM, J. ibid A 40 (1948) 1 
Monroy, A. and Oppo, A. M. Publ. Staz. zool. Napoli 20 (1946) 46 
— fF. cell. comp. Physiol. 30 (1947) 105 
- Experientia 1 (1945) 335 
— and Monratentl, G. Nature, Lond. 158 (1946) 239 


15 





REFERENCES 


Monroy, A. and Montaentt, G. Biol. Bull. Woods Hole 92 (1947) 151 
Mircuison, J. M. and Swann, M. M. Unpublished observations 
Nature, Lond. 166 (1950) 313 
Bear, R.S., Scumitt, F. O. and Youne, J. Z. Proc. roy. Soc., Lond. B 123 (1937) 496 
Cuinn, P. 7. cell. comp. Physiol. 12 (1938) 1 
ScumiTT, F. O., BEAR, R. S. and Ponper, E. ibid 9 (1936) 89 
Mircuison, J. M. Nature, Lond. 166 (1950) 347 
J. exp. Biol. In press 
McCo 1, J. D. and Rossrrer, R. J. Nature, Lond. 166 (1950) 185 
AstBury, W. T., Dickinson, S. and Bartey, K. Biochem. 7. 29 (1935) 2351 
Sent, F. R., Eppy, C. R. and Nutrine, G. C. 7. Amer. chem. Soc. 65 (1943) 24 
RupDA.L, K. M. Proc. Symp. Fibrous Proteins, Soc. Dy. Col. Bradford, 1946 
’ Mercer, E. H. Nature, Lond. 163 (1949) 18 
Perutz, M. F. Proc. roy. Soc., Lond. A 195 (1949) 474 
. J. Amer. chem. Soc. 66 (1944) 663 


~a 
/ 


) 


Wauau, D. F 3 

FARRANT, J. L., Rees, A. L. G. and Mercer, E. H. Nature, Lond. 159 (1947 
1 Jaxus, M. A. and HALL, C. E. 7 F 

PorTER, K. R. and THompson, H. P. 7. exp. Med. 88 (1948) 15 

Kopac, M. J. Ann. Rev. Physiol. 12 (1950 

Mircuison, J. M. 7. exp. Biol. In press 


tol, Chem. 107 (1947) 705 
ae 


} 
- O 
> 


/ 





BIOPHYSICAL ASPECTS 
OF POLYSACCHARIDE STRUCTU 
IN PLANTS 


R. BD, Pre ston 


DuRING the present century progress in the study of high polymeri 


{ 


substances has been very rapid, and a great deal of information has 


accumulated concerning the features of these substances in a very 


widely scattered literature dealing with many and varied aspects. In 
no part of this field has the advance been more marked than among the 
polysaccharides and more particularly in that section dealing with 
cellulose and its related substances. It is largely around this particular 
polysaccharide that the following pages have been written. As with all 
other high polymers, no single study carried out from any particular 
aspect, whether aimed at technological or at academic approaches, 
can fail to be of interest from other aspects or to workers with othe 
interests. From this point of view, a thorough appreciation of those 
features of molecular architecture of interest from the biophysical point 
of view would necessitate consideration of those of purely chemical and 
biochemical as well as of technological importance, and it is in fact 
very clear that a rigid separation of the study into watertight compart- 
ments is no more feasible here than it is in any other branch of science. 
Nevertheless, once the primary fundamental facts of structure have 
been grasped, the further features of outstanding biophysical significance 
can be rather narrowly circumscribed, and it is with these features that 
we are largely concerned here. The following are the main questions 
to be answered. 

First, in what various ways are the molecular chains of cellulose 
arranged at the surfaces of plant cells? Some of these arrangements 
turn out to be remarkably perfect, and in cells which show this 
perfection of structure there can be discerned a general plan upon 
which the wall structure is based. This leads us immediately to the 
question as to how this remarkable and, within limits, rather general 
structure comes into being. On the other side of the picture there are 
many cell types wherein the wall organization is far from perfect in a 
crystalline sense, and these are of equal interest as representing a 
different plan upon which cell organization can be based. We have to 
ask ourselves: what is the mechanism by which the molecular chains 
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of cellulose come to be aligned in many cell types; and is this mechanism 
modified in those cells in which the structure is less perfect, or is some 
other mechanism involved? With either mechanism, moreover, the 
growing part of a cell, or in other cases the whole cell at its stage of 
growth, appears to havea wall architecture not fundamentally different 
from that with which it is clothed at maturity, and this raises a second 
group of questions as to the relation between such a structure and the 
growth form of the cell. Lastly, remembering that during their growth 
single plant cells can increase in length by several hundred per cent 
while remaining clothed in a cell wall which must be regarded as 
solid, however tenuous, there is the very serious question to be con- 
sidered concerning the modifications which must be involved in 
the very considerable displacements which the walls of such living cells 
undergo. 

These are the problems around which the following pages have been 
written. Although the study is dealt with here from a purely biophysical 
angle, it will become clear that at no stage can the more biochemical 
aspects be ignored. It is quite certain that, in future, progress of any 
outstanding merit will be achieved only through an integration of 
biophysics, biochemistry and certain régimes in biology itself. It is 
dangerously easy to continue to multiply data from any one aspect of 
the study without making any real approach to the vital biological 


problems concerned, and it is only through such a synthesis that this 


danger can in any degree be avoided. 
CRYSTALLINE POLYSACCHARIDES IN PLANTS 


It is still a remarkable fact that at least two of the polysaccharides 
which are widespread in plants (cellulose and starch) have components 
which are not only in a sense microcrystalline, but in which the 
microcrystals are often oriented in a common direction or along a 
common plan. The crystallinity is not perhaps surprising: for if either 
of these polysaccharides is dissolved, presumably into individual 
molecular chains or at least into aggregates of only a few chains, then 
on precipitation they again become associated into microcrystals. 
Now, however, these crystalline regions are no longer arranged 
according to a common plan, and it is evident therefore that, while the 
fact of crystallinity itself may be a property of the molecular species 
composing the crystal, the orientation at least is a function of the 
physicochemical associations within living cells and probably at cell 
surfaces. The way in which this selective orientation is imposed on the 
aggregated molecular chains is still one of the outstanding problems in 
plant biophysics, and it is in this respect more particularly that the 
fine details of structure in these polysaccharides are of importance to 
the biophysicist. 
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Structural units of wall polysaccharides 

The two polysaccharides which occur as supporting substances in 
plants are cellulose and chitin. The latter, which occurs also of course 
in some animals, will not be considered in any detail. Our prime interest 
is in cellulose. This substance is now known to occur in several (arti- 
ficially induced) crystalline modifications in addition to that in which 
it normally occurs in flowering plants'*. One of these modifications, 
mercerized cellulose or cellulose 1, commercially the most important, 


ee 
ie oe, 


Figure 1. Plan of lattices of native and hydrate cellulose, after MEYER. 
Native cellulose (Cellulose 1) a ‘97 A: b 10°3 A; 79 A; B 84 
Hydrate cellulose (Cellulose 1) a "14. A; b 10°3 A; ¢ 9°14 A; B = ¢ 


has long been known to exist as such in one marine alga Halicystis* and 
has recently been shown to occur also in a number of other algae*-® 
It is of some interest and must be of some significance that this form, 
which is usually regarded as more stable than the normally occurring 
cellulose 1, has not as yet been reported to occur naturally in any of the 
higher plants. The generally accepted space lattices of the crystalline 
regions in cellulose 1 and cellulose u are given in Figure 1. 

In each case the unit of structure is the cellobiose residue, the length 
of which has been shown to be invariably about 10°3 A. It is composed 
of two residues of 8-glucose first shown by HAworrtu’ to be linked 
together by a 1 : 4 glucosidic linkage as shown in Figure 2. The detail 
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Figure 2. Diagrammatic representation of the skeleton of a cellulose chain in 
the commonly accepted extended form. The small circle represents oxygen. 
shown in good fibre diagrams of the better oriented natural celluloses, 
such as that shown in Figure 3, indicates that the molecular chains of 
cellulose thus built up run through the crystalline regions with no 
marked deviations from the straight line so that if laid individually 
upon a flat surface they would lie with the whole of their length on the 
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surface. This imposes strict limits upon the way in which the glucose 
residues in a cellobiose group can be arranged with respect to each 
other, and it is in this regard that the length 10°3 A of the unit cell in 
the b direction, determined unequivocally from x-ray diagrams, is of 


the greatest importance. 

Saccharides with six-membered rings may be conceived in two basic 
forms, the ‘boat’ form and the ‘armchair’ form? as shown diagram- 
matically in Figures 4 and 5, either of which is potentially capable of 


Figure 4. Diagrammatic representation Figure 5. The ‘armchair’ modifi- 


of ‘boat’ modification of $-glucose. The cation of 8-glucose. Conventions as 


circle represents oxygen; the carbon in Figure 4. 


atoms are numbered as usual. 


being condensed into a linear polymer, and either of which therefore 
is potentially capable of taking part in the structure of cellulose unless 
some fact of overriding importance rules it out. Such a fact is the length 
of the unit cell along the 4 axis. ‘The spatial configuration of the boat 
form will not permit the construction of a straight chain in which the 
unit of structure repeats at exactly 10°3 A. However, this can readily be 
achieved with the armchair form and it is therefore with this form that 
we are at the moment concerned. It seems fairly safe to say that all the 
linear polymerized saccharides or saccharide derivatives are funda- 
mentally in this form, whether they are arranged in a crystalline 
lattice or not. 

There is no longer need to enlarge upon the evidence which has 
accumulated concerning the manner of linkage of the individual sugar 
residues within each chain. A number of excellent reviews have 
appeared from time to time*:’, This linkage usually appears through a 
condensation of the radicals at carbon 1 on one sugar with carbon 4 
of the next, to give a regular 1 : 4 glucosidic linkage along the chain. 
Nor is there need to do more than glance briefly at the evidence which 
shows that, for some part of their length, these long molecular chains 
lie strictly parallel to each other and regularly spaced a constant 
distance apart. Here, again, several references are available dealing 
both with the general characteristics of the x-ray analysis of crystalline 
material*'® and the special features associated with these naturally 
occurring polysaccharides*®, Suffice it to say that the methods of x-ray 
analysis enable one to determine the dimensions of the smallest volume 
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CRYSTALLINE POLYSACCHARIDES IN PLANTS 


within the crystalline portion of the polysaccharide, which contains all 
the symmetry elements of the structure (and therefore all the structural 
elements) repetition of which in three directions throughout space 
builds up the whole ‘crystal’. The problems associated with the organi- 
zation of the polysaccharide within these crystalline regions are then 
resolved into the question as to how the structural elements known to 
be present in such a ‘unit cell’ can be fitted into its volume, due regard 
being paid to the other cogent physical properties of the body concerned. 

It has been agreed from the first that the length along the 4 axis (in 
the direction of chain length) of the unit cell is about 10°3 A in the 
so-called ‘native’ cellulose from all sources, and in the only other 
crystallographic form, mercerized cellulose (cellulose m1) known to 
occur in nature. The same is true of other unstable or metastable 
modifications and in many derivatives of cellulose but, since these 
do not occur in nature, they cannot be dealt with here. This fact alone 
is of considerable significance and may well be discussed before the 
other dimensions of the unit cell are considered. 

From the C—C and C—O bond distances and the bond angles 
involved it can be shown that the length of one glucose residue from 
the oxygen on carbon 1 to that on carbon 4 is approximately 5°2 A, 
and hence the length of the disaccharide, cellobiose, known to be 
preformed in cellulose by a 1 : 4 link, is of the order of the 10°3 A 
required just to fit into the unit cell. It is in these terms that cellulose 
within the crystalline region was first formulated!':'*. It is to be noted 
that, when the corresponding atomic model is built or drawn (Figure 2 
the resulting chain is, by definition, straight and gives the impression 
of considerable flexibility. The digonal screw axis, demanding the 
turning of each glucose residue through 180° relative to its neighbours 
in the chain, is required by features of the x-ray diagram into which 
we need not go. While this straight chain structure of the cellulose 
molecule is still widely held, strong reasons have recently been advanced 
to suggest that it needs some modification. 

It has been clear for some little time that the length of a cellobiose 
residue as formulated in this way is not quite 10°3 A. This can be 
demonstrated by calculation; but a more instructive way is to attempt 
to build a model. It then appears that, the more perfectly uniform the 
spheres used to represent carbon and oxygen may be, and the more 


perfectly the bond angles are spaced, the less closely do the lengths of 
the unit cell and the model agree. It is in fact clear that, unless the 


bond angles are strained, the length of the model of cellobiose is near 
11‘o rather than 10°3 A—a discrepancy far too large to be allowed to 
pass without very serious consideration. Since it appears unlikely in the 
extreme that the bond angles within each amylene oxide ring could 
undergo very much strain, it seems that the whole of the strain must 
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be considered to fall on the C—O—C glucosidic link joining the two 
glucose residues together. This would involve, however, a decrease of 
the oxygen bond angle from 110° to 100° and the whole structure 
would then be under a state of intense strain, hardly reconcilable with 
the stability and unreactiveness of cellulose in the natural state. An 
alternative configuration* has been proposed by Sruarr. While 
distortion of a bond angle involves considerable energy storage, 
rotation about a bond direction can be achieved with little or no 
change of energy, dependent on the radicals which move and on their 
proximity to one another. Rotation of each glucose residue about the 
bond to the linking oxygen may therefore involve little or no energy 
interchange and will reduce the length of the cellobiose residue 

Figure 6). Such a structure has the further advantage that, while the 


UH fale 


The Stuart modification of the cellulose chain; hydrogen bonds 


Figure 6. 
indicated by dotted lines, after HERMANs. 


chain now takes on a zigzag appearance, the glucose rings become 


coplanar, in harmony with the intensity of certain arcs, to be referred 


to later, in the x-ray diagram. 

The structure proposed by Sruarr has further and still more im- 
portant features. So far we have been considering the skeletal frame- 
work of the cellulose chains consisting only of the carbon and oxygen 
atoms in the glucose rings and the linking oxygen. The real test of the 
suitability of a model comes, however, when we consider its space- 
filling properties. This can be achieved for cellulose by inserting on the 
model so far conceived, and in their correct relative positions, the three 

OH groups, the six —H groups and the single —CH,OH group per 
glucose residue. These may be represented as spheres the diameters of 
which are such that, when two of them are touching, the distance apart 
of their centres is the minimum distance allowable without bond 
formation. When such spheres are placed on the carbon-oxygen skeletal 
rings, it becomes impossible to unite two such glucose rings into 
cellobiose with the lines joining C, and C, collinear, since the hydrogen 
on C, of one glucose interferes with that on the C, of the other. The 
resulting ‘kink’ which must be imposed on each cellobiose unit makes 
it highly probable that hydrogen bonding within the cellulose chain 
may be rather prevalent and the whole chain may therefore be less 
flexible than has hitherto been thought. 
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Unit cell of cellulose 

The mutual arrangement of the molecular chains of cellulose within 
the crystalline regions will be sufficiently familiar to need but the 
briefest comment here. The original suggestion of SPONSLER'! that the 
unit cell had dimensions 

a=61A b 10°3 A c= 54 A B = 88 

was soon displaced on crystallographic grounds by the, now generally 
accepted, dimensions given by Meyer and Mark” 

a= 835 A b 10°3 A (= OA B == 84°. 
As shown by Bracco! these two schemes are geometrically identical 
and it is worth noting that, recently, there has been some tendency 
to return to a modification of the biologically more useful scheme of 


SPONSLER. 





Figure 7. Two adjacent unit 
cells in the lattice of cellulose, 
as proposed by Meyer and 
Mark. Dimensions in Ang- % 
strém units; black dots repre- 
sent oxygen atoms; hydrogen 
atoms, hydroxyl groups and 
the carbinol on carbon 5 are 
omitted [Preston, R. D. Biol. 
Rev. 14 (1939) 292. Figure 6 
(B)]. 


As at present formulated, alternate chains are considered to be 
oriented in opposite directions (Figure 7), though the evidence for 
such a regularity is hardly convincing. The chief argument seems to be 
involved in the observation that no change is detectable in the x-ray 
diagram of mercerized cellulose if the cellulose is dissolved and re- 
precipitated. In the latter condition, it is argued, equal numbers of 
chains must, on a pure chance basis, be oriented in opposite senses and 
so therefore must they be in the former. This, however, can hardly be 
accepted as indicating a regular alternation in direction and perhaps 
a better argument would be, reverting again to the model, that it is 
rather less difficult to pack the chains into the space available if they 
alternate in this way than it is if they all point in the same direction. 

Although, from the point of view of the cytoplasmic mechanisms 
underlying cellulose orientation, it is essential that the precise arrange- 
ment within the unit cell should eventually be ascertained, we are still 


a long way from any possibility of serious discussion of this topic; and 
for our present purposes, therefore, it is sufficient that the existence of 
long molecular chains in parallel arrangement has been established in 
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cellulose, without specifying any further degree of order such as has 


been discussed above. 


Structural units in cellulose 

The basic structural unit in cellulose is therefore a long molecular 
chain of $-glucose residues and within certain regions in any given 
cellulose these are arranged in a regular crystalline lattice. These more 
ordered regions provide a larger unit of structure—the micelle 
which, although no longer conceivable as a discrete particle in the 
sense used originally by NAGELI, does nevertheless provide a convenient 
term. The micelles have been estimated in celluloses of commercial 


importance, such as ramie fibres, to be about 50 A in diameter and 


at least 600 A long. This leaves us with a rather loose conception of 


I igure 8. Transverse appearance of 

the fibrils in cell walls as derived by 

FreY-WyssLING from x-ray studies, 

: 604) staining reactions etc, prior to electron 
microscopy. 

100 A) f — microfibril; » micellar strand; 


7 —intermicellar space; & —interfibril- 


0A) 


lar space. 
Frey-Wysstinc, A. Protoplas 


1937) 372. 


intermediate regions between the micelles, in which the chains fail in 
varying degrees to achieve strict regularity of arrangement. There can 
be no doubt but that these regions are of the greatest importance both 
in the technology of fibres and in the behaviour of living plant cells, 
and an extensive literature exists concerning the relative amounts of 
crystalline and ‘non-crystalline’ cellulose in celluloses of various origins. 
Our present knowledge of units of structure larger than micelles bids 
fair, however, to modify our ideas on the spatial relationships of crys- 
talline and non-crystalline components, and further discussion is best 
postponed until these larger units have been brought under review. 

Ever since plant material began to be examined, much effort has 
been devoted to the delineation of units of cellulose structure visible 
under the microscope. The units described have ranged from almost 
spherical particles, culminating in the abortive conceptions of FARR 
and Eckerson", to the continuous narrow threads to which repeated 
reference has been made, up to the most recent times, ever since the first 
observations by Grew. Many of these so-called units were undoubtedly 
artefacts or misinterpretations and there is no point in recalling the 
details here; but it is a tribute to the powers of observation and acumen 
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Figure Q. Electron micrograph of wall of alga Valonia entri 1, chromium 


shadowed. Note the uniform diameter of the constituent fibrils, in two sets lying 
almost at right angles to each other | PREsTON ef alii. Nature, Lond. 162 (1948) 666] 
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of the older workers that the constantly-recurring ‘thread’ theme had 
been abundantly supported by work with modern techniques. 

In the capable hands of Frey-Wysstinc'® and other workers, the 
results of the x-ray analysis of plant cell walls, both untreated and 
metal- or dye-impregnated, of observations under the polarizing micro- 
scope and of other techniques, had combined to present a coherent 
picture of the ‘secondary’ structure of cellulose (Figure 8) in which was 
foreshadowed the existence of extremely fine threads only a few micelles 
thick. Not that these were considered as separate entities—they 
recalled rather the submicroscopic interpenetrating matrices of cellu- 
lose and lignin considered by BatLey and Kerr!’ to form the basic 
principle of structure of wood cells—but nevertheless they did conform 
to a ‘thread’ theme in that mechanical or chemical treatment could 
cause degeneration into a series of threads of variable diameter. Once, 
however, it became possible to examine cell wall material at the high 
magnifications obtaining in the electron microscope, there could no 
longer be any doubt as to the existence of threads as real and separable 
units of structure. The existence of fibrous bodies in bacterial cellulose 
had been known for some time, but it was not until the author and his 
colleagues presented the first photograph of the Valonia ventricosa cell 
wall (Figure g) that the presence of these tenuous fibrils in intact 
material was finally demonstrated'*®. Research along these lines had 
been in progress in several laboratories throughout the world and it was 
only three weeks later that FRey-Wysstinc and MUHLETHALER' 


presented electron micrographs of other cell types, showing essentially 


) 


the same features. Detailed consideration of these elegant photographs 
will be postponed until later. At the moment we are concerned only 
with the general picture of the structural units which they reveal. 
While, in general, these structures confirmed what was already 
known, one outstanding feature came as a complete surprise. In all the 
photographs published so far, whether from the Leeds laboratory or 
from Ziirich, the fibrils are of strikingly uniform diameter. Magnifi- 
cations under the electron microscope are still not sufficiently precise 
to allow an accurate estimate as to their diameter, but they certainly 
lie between 250 and 300 A 2.e. between 5 and 6 diameters of the 
micelles envisaged by HENGSTENBERG and Mark. More recently HODGE 


and Warprop” have reported that, in conifer wood, fibrils of similar 
form can be demonstrated (Figure 10) but here they are much thinner 
—of the order of 50 to 100 A—so that for the moment perhaps no 
great stress is to be laid on the actual dimensions*. Nevertheless it 1s 
certain that units of structure of the larger diameter (250 to 300 A) are 
a feature of many cell types. No estimate has yet been given of their 


* Note added in proof: More recent work at Leeds has shown that the microfibrils are no 
diameter. 
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length, but in Valonia they are at least 10 p long and are generally much 
longer than this. It is therefore established that the microscopically 
visible threads, described so often and by so many authors, do indeed 
reflect the presence of a fundamental fibrillar unit of wall structure. 

It is as yet too early to decide upon the cross sectional shape of these 
fibrils. The evidence, as far as it goes, is that they are circular but it is 
just possible that they approach the shape of a ribbon*. A decision upon 
this matter is urgently needed and for a very simple reason. In many 
algae including Valonia*! not only do the molecular chains of cellulose 
lie flat in the wall, but their orientation about their length is such that 
the 101 planes, spaced 6°1 A apart, show a strongly marked tendency 
to lie parallel to the wall surface. This is true not only in dried material 
but also in samples taken alive from the aqueous medium in which they 
grow, and photographed while soaking continuously in this medium“. 
It appears, therefore, that this particularly selective orientation is a 
feature of the wall of the living cell. Exactly the same condition has 
been found to obtain with bacterial cellulose—the cellulose deposited 
at the surface of a culture, for instance, of Bacterium xylinum—but only 
after drying. In the latter, therefore, this particular uniplanar crien- 
tation could arise either due to the drying down of flat platelets into 
parallel order, or a rearrangement of bodies, which are not flat, due to 
some polarity in these bodies. It is noteworthy that, in cellulose, the 
planes of 6"1 A spacing are those of highest density of —OH groups, so 
that a micelle has two opposite long sides which are particularly rich 
in these groupings. Reverting therefore to the algal cells, the micelles 
within a fibril lie with the 61 A planes parallel to each other, and the 
fibrils themselves take up such an orientation that this parallel arrange- 
ment of the 6"1 A planes is maintained among them. The micelles have 
been reported to be narrower in the direction of the 6°1 A spacing than 
they are at right angles to this direction and, if the fibrils themselves 
also prove to be flattish ribbons, then the selective orientation might 
well be merely a question of packing. On the other hand, if they are 
circular in cross section then the orientation presumably arises through 
the agency of the preponderating —OH groups upon the 6:1 A planes. 

This type of explanation would be very satisfactory from the point of 
view of the mechanism of deposition of cellulose in plant cells. In the 
metabolic condition which is considered here, there is a clear-cut 
separation of the cytoplasm and the wall which surrounds it, and it is 
at the cytoplasm/wall interface that the cellulose is being deposited 
and, indeed, probably built up, from monosaccharide or oligosaccharide 
precursors. Now the conception is steadily gaining ground that at this 
interface there occurs an outer, boundary layer of protein, possibly 
unimolecular, overlying a layer which is predominantly, though not 
* Note added in proof: It now seems probable that they are ribbon-like and lie on the broader faces. 
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entirely, lipoid in nature, and it is therefore at a protein/aqueous 


6,16,22-24 Tt seems 


interface that cellulose is to be considered as arising 
therefore reasonable to suppose that those surfaces of the cellulose 
units which are predominantly hydrophilic will lie parallel to the cyto- 
plasmic surface, and that the 61 A planes will therefore adopt the orien- 
tation which has been demonstrated. 

It is, however, worth recalling that this selective uniplanar orien- 
tation has been demonstrated for only a few algae. Questions of 
technique make it rather difficult to be certain of the position in the 
very much smaller cells of higher plants, but it must be conceded that 
attempts made to detect this selective orientation in such cells have 
failed*. With the use of micro x-ray beams it has been reported that 
the same diagram is yielded when the beam grazes the edge of the cells 
as when it is directed through the centre of the cells; and flattened 
blocks of tissue, in which the cell walls are effectively coplanar, have 
revealed no sign of this uniplanar orientation”. The probability is, 
therefore, that higher orientations of this kind are not so general as the 
conceptions involved in the deposition at an aqueous interface would 
suggest. There is, however, the further remarkable fact that the only cell 
walls for which this type of orientation has been unequivocally demon- 
strated are the only walls in which the alignment of the fibrils parallel 
to each other is anything like perfect (see Figure 3). In all the other 
types investigated the fibrillar direction shows either considerable 
dispersion (Figure 11) or even almost completely random arrange- 
ment. It could be, therefore, that the uniplanar orientation, obtaining 
at the moment of deposition, is destroyed in those cell walls in which 


the fibrils follow a tortuous path—perhaps, for instance, as a conse- 


quence of the twisting of the fibrils following the small dimensional 
changes involved in removal of water. 


Nature of microfibrils: crystalline | non-crystalline ratio 

It has been established, therefore, that a fundamental unit of structure 
is the microfibril which commonly has a diameter of some 250 to 300 A 
and it is important to examine the nature of these microfibrils in terms 
of the earlier conception of ‘micelles’. 

Although the idea of the ‘micelle’—as an elongated crystalline 
body having its width small compared with the wavelength of light 
originated in the polarizing i average studies of NAGELI and 
AMBRONN, extended by the application of the Wiener principle by 
Frey-Wyss.LinG*, the modern interpretation, of the dimensions in 
particular, depends entirely on x-ray analysis. ‘The basic observation 
is that when a narrow beam of x-rays is passed perpendicularly through 
an object such as a bundle of parallel fibres, the reflections lying along 
the equator of the resulting diagram, and derived from planes lying 
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parallel to the fibre length, are widely spread along the radius; whereas 
those along the’ meridian, derived from planes perpendicular to the 
fibre axis, are fairly shi - radially. One interpretation of this would be 
that the fibres consist of long, narrow, crystallites and, if this inter- 
pretation is assumed correct, then the dimensions of the particle can 
be calculated under certain assumptions. If the particles are assumed 
to be spherical and to belong to the cubic system for instance, then the 
width of these micelles can be calculated from the Scherrer formula as 


(1) 


where # (radians) is the breadth of the beam between positions of half 
intensity 

Cis a constant 

A is the x-ray wavelength and 

the glancing angle. 
It has been stated® that this gives a fair approximation even if the 
assumptions are not valid. Such calculations, however, go a little 
beyond the evidence. Broadening of the equatorial arcs implies merely 
that only a few planes parallel to the fibre axis in any one region are 
spaced sufficiently regularly to reflect x-rays coherently; it does not 
imply that there are no chains lying between the micelles, and there is 
every reason now to believe that the so-called intermicellar spaces are 
traversed by cellulose chains which are not arranged with the regularity 
necessary to provide a coherent reflection. The model? proposed by 
Meyer (Figure 12) of a continuum of chains periodically distorted is 
perhaps in best harmony with modern ideas, and such a model has 
the further advantage that it harmonizes with the long chain length 
now known to be a feature of cellulose, settling an argument, the 
polemics of which are now merely of historical importance. The 
‘micelle’ in the original sense has therefore been replaced by vaguely 
defined regions of regular orientation, separated by regions in which 
the orientation fails in some respect to achieve the necessary perfection. 
The dimensions of the micelle have therefore little meaning, for 
there is no longer any sharp line of separation between ‘crystalline’ and 
‘non-crystalline’. ‘There is, moreover, a third possible explanation of 
the broadening of arcs which is even further removed from the classical 
Micellar Hypothesis. An array of, say, 100 molecular planes lying 
strictly parallel to each other and uniformly the same distance apart, 
will give a fairly sharp x-ray reflection. If, however, through the 
occasional incorporation of a foreign molecule or grouping or an 
occasional crosslinkage, there occur throughout the array slight random 
changes in spacing, then the x-ray reflection will be broadened, and 
the degree of broadening will depend upon the frequency and the 
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Figure 12. a Micellar structure of cellulose from primary 
valence chains (KRATKY and FREY-WyssLinG). The succes- 
sive molecules, marked by circles, behave as a single 
molecule traversing the whole structure, since the ends, 
A and 4A’, lie within a crystalline region (thick lines). 
b Diagram showing micellar structure ofcellulose (MEYER', 
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degree of the variations in spacing. It is, there- 





fore, only on the assumption that regions of 
strictly crystalline arrangement are present that 
the micellar dimensions have any real meaning, 
and the figures quoted could be regarded merely 





as a measure of the degree of perfection of 
crystallinity. Nevertheless, provided these points 
are borne in mind, the figures calculable from 





equation 1 can be quoted for convenience as 
‘micelle size’ giving, on any hypothesis, at least 











a qualitative measure of crystallinity. 

[t is from this point of view that the dimen- 
sions of the microfibrils visible in the electron 
microscope are of particular interest. Let us 
































compare the conditions of the Valonia walls with , 
those of some growing tissues in higher plants 

viz the cambium of conifer trees* and the parenchyma—the ground 
tissue—of oat coleoptiles?’. In both types of wall, microfibrils of about 
the same lateral dimensions are present (Figures 9 and 13); yet the 


equatorial arcs on the diagram of Valonia are sharp (Figure 14) while 


those from the cambium or oat coleoptiles are diffuse (Figure 15). The 
figures for micelle dimensions in these two contrasting conditions are 
about 200 A and 20 A respectively. In other words, the microfibrils in 
Valonia appear to be perfect crystals while those in cambium and oat 
coleoptiles are highly imperfect. Similarity of external form is therefore 
no guarantee of identical internal structure. Until the dimensions of 
the microfibrils from the various cell types have been determined with 
some accuracy and their physical properties have been examined, it 
will be impossible to make any pronouncement of the factors involved 
in these structural differences. 

Of late years more attention has been paid to the relative amounts 
of crystalline and non-crystalline material in celluloses than to the 
dimensions of the crystalline regions therfselves. The underlying 
concept here is that fractions of a cellulose with different degrees of 
crystallinity will have different properties both chemically and physi- 
cally. Such properties—resistance to acid hydrolysis, dye and water 
absorption, density, reflection of x-rays etc—can be used, therefore, to 
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give a measure of the amounts of the two fractions provided an arbitrary 
distinction is made between what is regarded as crystalline and what is 
regarded as non-crystalline. Within any cellulosic body there will 
inevitably be varying degrees of order, and the position of the line 
drawn to separate crystalline from non-crystalline will depend on the 
method of measurement chosen. ‘This is not the place to enlarge upon 
the merits of the various methods in current use, and reference may be 
made to the useful review of Muatre* in which most of the methods 
are discussed with the exception of the x-ray method developed by 
HeERMANS and WEIDINGER”. 

The concepts underlying the determinations of crystalline :non- 
crystalline ratios are therefore the same as those of the modern version 
of the Micellar Hypothesis and suffer from precisely the same limitations. 
It seems fairly clear that, provided samples are used containing little 
matter other than cellulose then, in native celluloses, the ratio, at least 
as determined by x-rays, is a property of the microfibrils themselves and 
provides some measure of their structural heterogeneity. It is therefore 
disappointing to find that this ratio for the Valonia cell wall, as deter- 
mined by the method of HERMANs and WEIDINGER, Is as low as 70 per 
cent®. This is not far removed from the figure for cellulose fibres such 
as ramie and flax the x-ray diagrams of which nevertheless show 
equatorial arcs much broader than those of Va/onia. Other properties of 
the Valonia wall—low swelling in sulphuric acid, lack of swelling in 
cuprammonium, extreme difficulty in staining with iodine and sul- 
phuric acid, low permeability to solute, high density (1°562, the 
highest reported for cellulose)—suggest high crystallinity. Unless, 
therefore the specimens of Valonia sent to HERMANs from this laboratory 
contained considerable amounts of some non-cellulosic impurity (and 
it is difficult to assess this possibility since the chemistry of this particular 
wall is relatively unknown), the position here is somewhat anomalous. 


ORIENTATION OF MICROFIBRILS IN PLANT CELL WALLS 
Although the microfibrils are themselves heterogeneous and are not 
necessarily identical from one cell type to another as regards internal 
structure, they are clear units of structure; and the observation that 
dissolved and re-precipitated cellulose do not contain such fibrils 
(Figure 16) shows that they are developed through the agency of some 
activity specific to living cells, and not solely through the crystallization 
forces inherent in cellulose. Studies of cellulose chain orientation in 
cells are therefore ipso facto studies in the orientation of these micro- 
fibrils. 

During the past twenty years or so, a great deal of information has 
accumulated concerning such orientations and it has been occasion- 
ally confirmed—if confirmation were necessary—that orientations 
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Figure 13. Electron micrograph of wall of oat coleoptiles (primary wall). 
} age saspebeese apie 

Note that the fibrils, of diameter similar to those in Figure 9, are here and 
there intertwined | MUHLETHALER, K. Biochim. Biophys. Acta 
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Figure 14. X-Ray diagram of a 
ingle piece of Valonia wall; beam 
normal to wall surface. Note that 
there are two rows of diffraction arcs 
indicating the presence of two sets 
of microfibrils crossed at an angle ol 


about 75 


Figure 15. N-Ray diagram of the 
primary walls of parenchyma cells in 
oat coleoptiles; beam normal to cell 
length; cell length parallel to longer 
edge of page. Note that in this dia- 
gram the most intense parts of the 
diffraction rings lie along the meri- 
dian. The cellulose microfibrils there- 
fore lie almost transversely with 
some considerable angular dispersion. 


Figure 16. Electron micrograph of a sample of regenerated cellulose. Note 
absence of microfibrils [ MUHLETHALER, K. Experientia 6 (1950) 226). 
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determined by x-ray analysis and polarization optics are essentially the 
same as those determined in the electron microscope. It has become 
progressively more certain that orientation is imposed on the cellulose 
through the vital activity of cytoplasm so that studies of orientation 
therefore yield data of profound importance from the point of view of 
plant biophysics. ‘The following pages will be devoted largely to a 
discussion of some of the more outstanding results, but for those readers 
unacquainted with botanical nomenclature, the use of which is un- 
fortunately unavoidable, a brief introductory statement concerning 
plant cell structure may perhaps be allowed. 


Form of the plant cell 

All plants originate from individual drops of protoplasm which are 
commonly spherical, or nearly spherical, in shape and are usually such 
as can only be seen comfortably under a microscope. Such a shape 
undoubtedly conforms to the liquid, or semi-liquid, consistency of the 
protoplasm at least during some stage of its development. In plants, 
however, unlike animals, this drop of protoplasm comes, sooner or 
later, to be covered by a membrane, thin and delicate yet undoubtedly 
solid, which therefore limits any further rapid changes in shape; and 
so long, therefore, as the cell remains free from its neighbours and 
removed from any other obstacle to development, it will remain 
spherical, or approximately so, provided that the membrane—the 
primary wall—is such that it will expand equally in all directions in 
response to the same disturbances. In fact, many cells which do remain 
free in this way, do retain their almost spherical shape, although some 
rapidly become cylindrical in spite of the absence of neighbouring 
lateral cells. 

Such instances as the latter naturally imply that the surrounding 
solid envelope is not isotropic. When, however, the original single cell 
develops, by continued division, into a mass of cells which adhere—that 
is immediately a tissue is formed—then it is understandable that the 
original spherical shape will be lost. 

In the growing apices of roots and shoots, where cell division occurs 
rapidly, the cells approximate to more or less regular 14-sided poly- 
hedra. In the development of stem and root, however, some of the 
facets of some of these polyhedra begin to elongate and this is accom- 
panied by, if not in fact a consequence of, the development within the 
protoplasm of vacuoles, which proceed rapidly to enlarge by intake of 
water through the protoplasm from the environment. During this 
extension, the cell remains clothed in the original thin membrane, 
which must therefore in some way be able to accommodate itself to 
change in dimension as the protoplasm increases in volume. The 
relationship between this primary wall and the protoplasm is, in fact, 
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highly complex and it will be examined in more detail later. At the 
moment it may be noted that up to this time the wall and the proto- 
plasm tend to adhere together strongly. ‘This is evidenced by the fact 
that if young growing cells are placed in a strong sugar solution then, 
as the solution draws water from the cell by osmosis, the whole cell 
often crumples without any cleavage between wall and protoplasm; 
whereas in an adult cell a similar procedure causes the protoplasm 
and the wall to separate in the phenomenon known as plasmolysis. 
During the elongation period the cell wall has not, as far as one can 
tell under the microscope, become any thinner. At this stage the 
membrane between two protoplasts consists of three layers—the primary 
wall of each cell together with the cementing material, the middle 
lamella, between. These three layers together are so thin that measure- 
ment becomes very inaccurate and it is therefore somewhat difficult 
to tell precisely what is happening. 

There is no doubt however that new wall material is being deposited 
during growth and this must have been laid down by one of two 
processes—either by plastering new layers from within (so-called 
apposition) or the insertion, within the existing wall, of new particles of 
wall substance (so-called intussusception). As the cell ceases to grow, 
however, the wall begins to thicken by the deposition of new layers 
from within—the secondary wall—and at about this time the cell begins 
to show the phenomenon of plasmolysis. ‘Therefore, now that an inter- 
face has developed between the cell wall and the protoplasm, the new 
wall layers may be thought of as deposited at a protoplasmic surface. 
The new layers differ from the primary wall in several respects. They 
can often be distinguished from it under the microscope in untreated 
transverse sections and must therefore have different refractive indices, 
which alone would indicate a difference in the submicroscopic structure, 
and they often show different staining reactions. By now the cell, 
whether elongated or not, contains a large vacuole which fills the cell 
almost completely, and at this stage the cell wall is thought of as being 
characterized by the presence of a thin lining of protoplasm on its inner 
face, separating it from the vacuole. The secondary wall now proceeds 
to develop to an extent which varies according to the type of cell 
considered. In the iso-diametric cells of parenchyma, the secondary 
wall commonly remains thin even though the protoplasm remains 
alive for some considerable period and retains its metabolic activity as 
indicated by the storage within it of starch. In other cells, secondary 
wall production proceeds until almost the whole cell volume is occupied 
by the wall; this occurs in many phloem fibres, for instance, where the 
cell therefore sometimes looks like a solid rod with a narrow thread- 
like cavity running down the centre. In the majority of elongated cells 
—wood fibres and tracheids, collenchyma cells, many phloem fibres— 
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and in some which are not so elongated—vessels in dicotyledons, vege- 
tative cells in algae etc—the wall becomes appreciably thick but the 
protoplasm either degenerates or ceases to deposit cellulose before the 
cell becomes filled. In the elongated cells of the higher plants—fibres 
and tracheids—the protoplasm actually dies and the cell contents 
appear to be reabsorbed by neighbouring cells, leaving a hollow thread 
consisting of the thickened wall envelope surrounding the lumen. 
The different associations with the cytoplasm and, indeed, the whole 
status of the cell, between primary and secondary walls, make it 
desirable to treat these as separate entities in the first place at least. It 
is convenient to deal with the more robust secondary walls first. 
There remains, however, one point of uncertainty. The above 
account of cell development refers exclusively to higher plants. It is a 
little difficult to know where to place the algal cells the wall structure 
of which is now known in such detail. The walls of these ‘primitive’ 
water plants are often very thick and in this sense they could be 
discussed along with the secondary walls of higher plants. Nevertheless, 
these algal cells do grow and it is difficult to exclude discussion of their 
walls in descriptions of the wall phenomena associated with growth. In 
the present argument these wall types will, for convenience, be dealt 
with among the secondary walls and further comment will later be 
made when growth problems are considered. It is, in fact, convenient 
to begin the story with these types since their relatively enormous size 
renders it somewhat easier to visualize the structures involved. 


MICROFIBRIL ORIENTATION IN THICK CELL WALLS 


The walls of some algae 

Among the algae, recent work*® has made it abundantly clear that 
we have a wide range of substances involved in wall architecture, with 
a wide range in degree of orientation. Attention will be confined here 
to those types in which the principal skeletal substance of the wall is 
native cellulose (cellulose 1) with a high degree of orientation. 

All the cells concerned grow with little, if any, interference from 
neighbouring cells, and studies of the interconnection between growth 
and wall organization can be made here without the complexities in- 
volved with cells growing in tissues. Since the group includes the largest 
single cell known, and this has been studied in great detail, it will be as 
well to consider this first. 


Valonia—This alga is a native of the warmer seas and three species 
have been studied more or less intensively — V. ventricosa, V. macrophysa 
and V. utricularts. Although these look rather different at a casual glance 
they have fundamentally the same type of cellular organization. The 
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cells are large with very firm cell walls, a thin lining of protoplasm and 
a large central vacuole. They differ from normal cells in higher plants 
not only in their very much greater size but also because the cytoplasm 
contains many nuclei—they are said to be coenocytes. In V. ventricosa, 
which has been the more common object of investigation in this genus, 
the cells are very large indeed, ranging in size up to a pigeon’s egg or 
even greater, and these giant cells occur singly. In the other two species 
divisions of a special kind occur, into which we need not go, leading to 
the development of a coherent mass of cells each of which is, however, 
fundamentally solitary. In the main we shall deal here with V. ventricosa 
though it may be taken for granted that the descriptions refer also to 
the other two species. 


The x-ray diagram—The first x-ray determinations of structure were 
made in 1930 by SPoNsLER during his determination of the unit cell 
of cellulose, but it was not until some years later that the particular 
organization of the cellulose in this plant was fully investigated”!. It was 
found then that ifa single piece of cell wall is cut from a cell and mounted 
in an X-ray spectrometer with the beam at right angles to the surface, 
a photograph such as that illustrated in Figure 14 was obtained. 
Comparison of this photograph with that of wood cells (Figure 11) 
reveals immediately a very striking fact. In the photographs of the 
fibres there occur, on the equator, two arcs corresponding to pl ines of 
3°9 A spacing and the line joining them (the equator, carrying also 
arcs corresponding to 5°4 and 6'1 A) is perpendicular to the direction 
of the cellulose chains in the specimen. In the Valonia photograph, on 
the other hand, two such rows of arcs occur (the arc corresponding to 
61 A is missing, since the planes with this spacing lie parallel to the 
surface), so that the diagram from a single piece of wall is equivalent to 
that of two sets of ramie fibres crossed at about go° to each other. In 
other words, the wall has not one but two sets of cellulose chains, 
making an angle somewhat less than go° with each other, and this opens 
up a problem of very considerable magnitude. 

The first point to be solved concerns the spatial relation, within such 
a piece of wall, of the two sets of cellulose chains and here observation 
under the light microscope gives a clue. Examination of a cross section 
of the wall shows many superposed and rather distinct layers in the wall 
which can be stripped off individually from the wall and examined 
separately. The thinnest layer which can be stripped 1 in this way still gives 
the crossed photograph typical of Valonia. Each microscopically visible layer 
in the wall therefore is still heterogeneous in cellulose chain direction. 

Nevertheless it is certain that the two sets of cellulose chains must be 
segregated into layers even if these are submicroscopic; it is impossible 
to imagine the micellar structures as being interwoven like a fabric. 
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Until the advent of the electron microscope and the shadow-casting 
technique, it was, however, remarkably difficult to prove this. 

The photograph of the surface of the Valonia wall presented in 
Figure g provides a triumphant verification of this conception. It 
has been discussed already to some extent, but some other features 
may now be noticed. First, the appearance of crossed threads is exactly 
what was predicted in view of the x-ray photograph. Secondly, remem- 
bering that this is a surface then it is clear that the threads are segregated 
into layers which are extraordinarily thin. If we assume that the threads 
are circular in section then it seems certain that each layer is about 
as thick as the threads are wide 2.e. about 250 to 300 A. Taking the 
thickness of the Valonia wall as 0°04 mm 40 u = 400,000 A) and 
assuming the wall to contain 50 per cent cellulose* then this would 
imply the presence of some 700 to 800 layers. 


Striation direction and chain orientation—In passing, it should perhaps 
be mentioned that the availability of comparatively enormous pieces 
of cell wall of which the chain directions can thus unequivocally be 
defined made it possible to test the idea, already widely held though 
supported only by qualitative evidence, that the markings on cell walls 
known as striations reflect the directions of the underlying cellulose 
framework. In Valonia two sets of striations can be observed, though 
the ease with which they can be seen varies considerably even over 
small areas of wall, and this in itself makes it highly probable that 
striation direction and cellulose chain direction are one and the same 
thing. A quantitative test has, however, been carried out and it has 
been found that striation direction and chain direction do coincide 
within the limits of observational error*'. 

This is, in many ways, particularly fortunate. If we can carry over 
this correspondence to other cells, and especially the minute cells of the 
higher plants, then it provides a ready method of determining cellulose 
chain direction even in the smallest pieces of wall provided these show 
striations. It is not, of course, self-evident that this correspondence will 
always obtain, but a similar correspondence has been found, for 
instance, in conifer tracheids where we shall find it very useful. Care 
has always to be taken to distinguish between striations proper and the 
other wall markings with which these can be confused. 


Organization of the wall as a whole—Thus far we have been dealing 
with small pieces of wall as experimental materia! and concentrating 
attention on the detailed features of isolated fragments. Using an x-ray 
method described fully elsewhere?', the run of the fibrils over the whole 


* The cellulose content is not known; but the evidence obtained for the author by Hermans of Utrecht, Holland, 
shows the presence of a large proportion of non-cellulosic substances. 
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wall surface has been carefully investigated. One set of chains forms a 
slow left hand spiral round the cell which closes in at the tip and the 
base. The other set equally obviously forms a series of meridians uniting 
the two ‘poles’ of the spiral. 

In view of what is found in other algae, it is interesting to notice that 
the spiral set of chains in the Valonia wall follows the path of the so- 
called equiangular spiral. ‘The correspondence is not mathematically 
exact since, among other things, the shape of the cell cannot be defined 
with precision. Roughly speaking, however, the spiral is formed in such 
a way that it makes a constant angle with the meridians at each point 
of the wall. 

In Valonia therefore we have now a remarkably clear picture of 
the structure in the wall. The most important problem of all, however, 
and one which strikes deep at the roots of life itself, still remains 
unsolved. This problem turns up again and again and under conditions 
where an attack seems more feasible, but this first example cannot be 
allowed to pass without some mention being made of it. At each point 
of the wall here, and over the whole surface, the submicroscopic layers 
alternate regularly in chain direction. As the wall is being deposited, 
therefore, and after one such layer has been laid down, there must be 
a sudden change in some condition which involves the laying down of 
further material with the chains oriented in a direction nearly at right 
angles to that in the former layer. When this layer is completed, the 
process is repeated; but now comes the crux of the whole matter. In 
the third layer the chains, instead of being laid down in any direction, 
are laid parallel to those in the last layer but one. Now once a set of chains 
has been laid down it is quite conceivable that, unless something 
catastrophic happens, chains will continue to be laid down in the same 
direction by a sort of crystallization process. It is impossible to conceive, 
however, an orienting effect of one layer through another in which the 
orientation is different. The conclusion seems inescapable that the 
mechanism responsible for orientation resides, not in the wall, but in 
the cytoplasm and probably at the very surface of the cytoplasm which 
is in contact with the wall. 

Among the filamentous algae, there are several species which have 
in essence the same structure as described above for Valonia, somewhat 
modified, of course, according to the filamentous habit. Thus all species 
of Cladophora with the exception of the Spongomorpha group, Rhizoclo- 
nium, Chaetomorpha and Siphonocladus*® possess a structure which is 
essentially of this type. The cells are elongated circular cylinders and, 
following repeated division of the original cell followed by elongation 
of one daughter cell or both, come to lie end to end in a long filament. 
In Cladophora the filament is branched. 

In all these types the two sets of microfibrils lie in two spirals, one 
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steep and the other flatter; commonly, and particularly towards the 
tip of a filament in those forms which divide only at the apex of the 
filament, the winding of the steep spiral lies almost longitudinally while 
that of the flatter lies almost transversely. In both sets, the planes of 
6*1 A spacing lie parallel to the wall surface. In section, the wall is 
richly laminated and these laminae appear alternately bright and dark 
under a polarizing microscope between crossed nicols. This obser- 


vation would suggest that the two sets of microfibrils are segregated 
into lamellae visible in the light microscope. It has been made clear, 
however, that the visible lamellation is due, not to an alternation in 
cellulose orientation, but rather to an alternation of cellulose and 
pectin much as had already been described for collenchyma cells”). 

It is therefore a somewhat remarkable occurrence that, up to the 
moment, wherever the walls of algal cells have been found composed 
of well oriented cellulose, then the cellulose microfibrils are oriented in 
two directions lying approximately at right angles to each other. With 
the filamentous forms an attack has already begun on the problem as 
to howsuch a crossed fibrillar structure arises*. Living algae have been 
collected from the sea or from fresh water, dependent on the species 
used, and cultured in the laboratory under one of two conditions. One 
batch of samples has been allowed to grow on under alternate 12 hours 
light and 12 hours darkness. The second has been subjected to con- 
tinuous illumination of the same intensity as that given to the first 
batch during the light period. The experimental material had there- 
fore grown for some considerable time under normal conditions, so 
that the bulk of the cell wall in each cell had developed before the 
culture experiment began. Only a small part of the wall of each cell, 
the innermost lamella deposited after removal of the filaments from 
their natural habitat, was therefore grown during the experimental 
period. Nevertheless it is very clear, both by observation under the 
polarizing microscope and from the x-ray diagrams of the two batches, 
that the transversely oriented microfibrils are more abundant, relative 
to the longitudinal, in continuous light than they are in alternation of 
light and darkness. ‘This recalls strongly the observation of ANDERSON 
and Moore” that cotton hairs grown under continuous illumination 
fail to show the wall lamellations so typical of normal cotton. Here the 
lamellation is due to a variation in porosity and not to changes in 
orientation, but there can be no doubt but that some metabolic feature 
of cellular activity strongly influenced by some visible radiation is 
deeply involved in wall formation. 


Walls of elongated cells in higher plants 


Turning now to the cells which constitute the more familiar flowering 
plants, here again a somewhat similar, but by no means identical, type 
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of structure has been revealed. It had indeed been first stated many 
years ago that in the elongated cells which form the bulk of the wood 
of conifer trees—the tracheids—the secondary wall consists of three 
layers which differ in chain direction*’. The outermost layer and the 
innermost layer, both narrow, were said to be composed of cellulose 
chains lying almost transversely while in the thicker central layer they 
lie almost longitudinally. The evidence adduced at that time was, 
however, far from convincing*** and the later attempt to support it by 
the methods of x-ray structural analysis** were soon shown to involve 
a misinterpretation of an x-ray diagram*. It is no longer necessary to 
discuss these stages in the study, however, for more recent observations 
by the rigid application of phy sical methods of investigation to material 
as little disturbed from its natural state as possible, has settled the 
matter beyond any reasonable possibility of doubt. 

In all, three cell types have now been investigated—the fibres of 
sisal, of bamboo’, and the tracheids of conifer trees. Although sisal 
was not the first type to be used, it is well to base the structure on this 
material since the process of development of the fibre is such that the 
structure can be displayed in a very simple way. 

Normally with fibres we have to accept the mature fibre as the only 
easily available material, and then to try to deduce the structure of the 
various layers from the properties of the whole wall. With sisal, how- 
ever, it is easily possible to obtain large quantities of fibres in which the 
outer layer only is present and thus to examine this layer separately. 
The sisal plant is monocotyledonous and the fibres occur in the leaves. 
In common with other monocotyledons the leaves continue to grow at 
the base throughout the life of the plant, so that in any one leaf we can 
find all stages in fibre dev elopme nt from expanding fibres, at the base 
of the leaf, with only the primary wall, through fully elongated fibres 
with the outer layer only of the secondary wall, to fully mature fibres 
further towards the tip. It is therefore merely a matter of taking 
material from the correct level above the base of the leaf to find fibres 
in any desired condition. The results of examination of such material 
are quite striking. The x-ray diagram of fibres carrying only the outer 
layer of the secondary wall is quite different from that of fully mature 
fibres and in such a way that the spiral on the immature fibres is 
obviously much flatter than that on the mature fibres. The spiral angles 
which may be derived from the diagrams are given in Tables J and I 
together with a number of other features of these cells. The following 
points should especially be noted. First, the immature and the mature 
fibres are of almost exactly the same (average) length; there can be no 
question here of the length effect to be mentioned later in other 
elongated cells (p 45) introducing any complications. Secondly, the 
birefringence (n» — na) of the outer layer in transverse section is the 
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same in immature as in mature fibres; this makes it fairly certain that 
the outer layers in immature and mature fibres are essentially similar 
in general physical make-up. We can safely conclude, therefore, that 
the diagram of immature fibres represents the condition in the outer 
layer both of immature and of mature fibres, and that the steeper spiral 
deducible from the diagram of the mature fibres refers to the thick 
central layer only. There can thus be not the slightest doubt here but 
that the outer layer is composed of cellulose chains lying in a fairly 
flat spiral, the angle to cell length being of the order of 50° while the 
central layer later deposited upon it is composed of chains lying much 
more steeply, with an average inclination to cell length of about 20°. 


y 


Figure 17. Representation of 
a portion of a conifer tracheid. 
The run of the microfibrils is 
represented by broken lines. 
When the cell is cut in the 
plane XXYY, the plane is 
more nearly parallel to the 
fibrillar direction in wall AB 
than it is to those in CD. 











It is therefore very curious that there is, in the diagram of the 
mature fibres, no record of the orientation which we know must be 
present in the outer layers; the ‘mature’ diagram is not merely a 
superposition of the diagrams of the outer and the inner layers but 
corresponds to the central layer only. 

Turning next to the tracheids, it has been found possible to establish 
more or less the same type of structure even though mature cells only 
are available; and in fact to add something to the sisal story which may 
help to explain the curious anomaly just mentioned. ‘The method used 
takes advantage of the fact that conifer tracheids are approximately 
rectangular in transverse section, with two opposite walls lying tan- 
gentially in the stem and two radially. In any small section (containing 
nevertheless hundreds of cells) the tangential walls are almost exactly 
coplanar—sufficiently nearly so, at any rate, for present purposes. 
Consider one such cell (Figure 17). In transverse section the microfibrils 
(the general run of which is marked by broken lines) will be seen in the 
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MICROFIBRIL ORIENTATION IN THICK CELL WALLS 


same ‘perspective’ in all four walls and these are equally birefringent. 
When, however, the cell is cut in some other plane XXYY then one 
wall AB will become much more birefringent than the opposite wall 
CD, since in the former wall the plane of section is more nearly parallel 
to the direction of the cellulose chains than it is in the latter. When the 
plane of section is tilted to the transverse through an angle (go° — 9), 
the birefringence in AB will clearly be at a maximum. Hence it is 
possible to measure the angle 6 by plotting the birefringence against 
the angle of sectioning for a series of sections at different angles to the 
transverse, and reading off the angle for maximum birefringence. If, 
now, the different layers in a wall have different spiral angles, then the 
maxima will occur at different angles of tilt, and the spiral angles can 
be measured. This is the principle upon which the observations in 
conifer tracheids were made. 

A series of sections was cut at various angles to the longitudinal radial 
plane so that the walls examined were the tangential walls. In each 
section a sufficient number of measurements of birefringence was made 
to give a reasonably accurate average. The results for both outer and 


central layers are given*’*? graphically in Figure 18 for tracheids of 


Picea sp. A curve is also included which gives at any angle of sectioning 
the birefringence which could have been expected, calculated from the 
observed maximum birefringence as described elsewhere*”:*8 

The first point to note is that the angles of maximum birefringence 
are not the same in outer and central layers. The microfibrils in the 
outer layer are, on an average, oriented at an angle of about 50° to the 
length of the cells while in the central layer the angle is 18° (comparing 
favourably with the value of 20° calculated from the x-ray diagram 
It seems therefore to be established, by the only type of observation 
which could firmly establish such a result 7.¢. by observation of the 
physical properties of undistorted walls, that the microfibrils in the 
outer layers of tracheids (and wood fibres, which have also been 
examined in Nothofagus cunninghami>"**) while not transverse, do at least 
form a spiral much slower than that in the central layer. 

On the other hand it is equally clear that such a change in the net 
orientation from layer to layer is not the only factor involved in deter- 
mining the optical properties of these walls. Thus, in the central layers, 
the birefringence of the cellulose is of the order of 0°04 as compared 
with the value 0°06 to 0°07 recorded for cellulose in ramie, cotton etc. 
This lower value can be attributed largely to the high lignin content 
of the walls. Chemical analysis of wood samples shows that the cellulose 
content is about 60 per cent on a dry weight basis. From this figure it 
can be shown that, if the birefringence of the cellulose micelles is 
actually 0-06, then the maximum birefringence of the lignified wall 
should be rather more than 0°04. From such figures alone it seems 
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possible that the low birefringence here could be accounted for 
completely in this way. Other considerations, however, show that 
additional factors must also be involved. In transverse section the 
major extinction position of the walls should always lie parallel to the 
wall surface. In tracheid walls, however, it was observed by the author 
many years ago, and confirmed during this particular investigation, 
that the major extinction position often lies well away from this parallel 
position and, in fact, is sometimes normal to the wall surface. This 
could only arise through a very considerable angular dispersion of the 
micelles, and this must add to the depression of the value of the 
maximum birefringence. 





Figure 18. Birefringence of 
the walls of a conifer tracheid 
at different angles of section. 
Outer layer x— x obsd; 0-0 calc 
Central layer +—+ obsd; e—e calc 
Warprop and PRreEsTon®”’. 











In the outer layer the same condition appears in a much more 
exaggerated form, since the birefringence is reduced to o’o2. At the 
moment, and until a good deal more is known about the chemical 
composition of this outer layer, it is not certain how far the observed 
difference in birefringence (0°04 as against 0°02) is to be accounted for 
by a difference in cellulose content. The low value in the outer layers, 
however, coupled with the observed discrepancies between the run of 
the observed and calculated curves in Figure 18 makes it fairly certain 
that the cellulose here has an unusually high angular dispersion. 

In these cells, therefore, the inner layer is dark in transverse section 
not only because the micellar spiral is a steep one but also on account 
of the angular dispersion which reduces the birefringence to a level 
much lower than it would otherwise have been. Similarly, the outer 
layer is much less bright in transverse section than one would expect, 
again on account of high angular dispersion and high lignin content. 

Passing finally to the third cell type the structure of which has now 
been worked out in sufficient detail, corresponding investigations have 
been carried out in the author’s laboratory on samples of bamboo”. The 
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bulk of the work was performed on the species Dendrocalamus strictus but 
the observations have mostly been corroborated with other species also 
(D. longispathus, Bambusa polymorpha, B. arundinaceae, Melocanna bambu- 
soide, and Neuhouzea Dulloa). These fibres, like sisal, are monocotyledo- 
nous but, unlike any of the cells studied hitherto, they develop from 
parenchyma cells and not directly from a meristem, so that they form 
an interesting contrast. The problem involved is, however, a much 
more difficult one. The fibres cannot be obtained in the immature con- 
dition, as could the fibres of sisal, and they are arranged in much too 
haphazard a fashion to allow use of the method found so satisfactory 
for tracheids and wood fibres. Recourse has thus to be made to a thor- 
ough optical analysis. 

Suppose, for simplicity, that we could determine accurately the 
birefringence of the outer layer in the wall in both transverse and longi- 
tudinal directions. Then the following considerations could be applied. 
If, when viewed in transverse section the effective major refractive index 
is ny- and in longitudinal section, n»” then these can be related by the 
equations: 

2 sin? 6 | (ny)? cos* 6 


ny na 


é 


(ny”)* cos* 6 ny")? sin? 6 


so] I — l 
ny” Na~ 


where ny and ma are the major and minor refractive indices of the 
cellulose micelles and 9 is the angle between their common direction 
and fibre length. If we can measure ny” and ny- then the only unknowns 
in these equations are ny, na and 6. Since na is never far from the value 
1°530, then effectively we have two simultaneous equations involving 
only ny and 8 as unknowns and these can therefore be found. 

In practice the determinations are not quite so simple as this, for 
we cannot observe one and the same cell in both directions, and the 
determinations must be made on a statistical basis. This has been done*® 
and the results are presented in Table III. 

It will immediately be obvious that the structure of the outer layer 
in bamboo is closely similar to that in sisal and in conifer tracheids, so 
that it may be taken as a more or less general rule that the outer layer 
of elongated fibrous cells is wound with a molecular spiral of angle 
about 40° or so. Further, and giving some considerable confidence in 
this calculated value, it is found that the value of the refractive index ny 
is exactly what has actually been observed in other cells. Finally, it may 
be noted here that, unlike sisal and tracheids, bamboo fibres possess a 
whole series of lamellae which are bright, not just an outer and an 
inner one. This is illustrated in Figure 1g. It is naturally impossible to be 
precise regarding the organization of these intermediate bright layers 
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but, by measuring the birefringence in transverse section and assuming 
the values of ny and ma are the same as those calculated for the outer 
bright layer, then the spiral angle can be calculated for each layer 
from equation 2 above. The corresponding values are included in 
Table Il. The spirai in the bright layers therefore apparently becomes 
steeper as the lumen is approached. 
Table Il 
Birefringence in Transverse Section of Different Wall Layers of Bamboo Fibres. 


Each mean corresponds to 25 observations. The errors shown are standard errors 





Section Wall* Phase 


: Birefringence 
thickness | layer difference fring 


Species Treatment 





Untreated 0°023 +0°005 
0°0062 +0004. 
0°0032—=- 0°002 
0°024 +0°'006 
o'010 +0°004 
0'005 +o'oo! 


Dendrocalamus 
strictus Delignified 


CON & OO N 





Untreated “39 | : : °023 1 0°003 


Dendrocalamus ‘ 
longispathus | Delignified ‘60 « ; 2 023 
“009 


“OC 4. 























oie outer bright layer; 2 middle bright layer; 3 inne 


By analogy with the fibres of wood and of sisal, we may conclude 
that the extensive dark layers observable in the transverse sections of 
bamboo are composed of cellulose chains lying in a much steeper 
spiral, and for exactly the same reasons. This is, in fact, shown by the 
x-ray diagram of fibres taken with the beam normal to the length of 
the fibres. 

The structure of these elongated cells is thus similar in broad outline 
to that of the algae discussed earlier in this article. It is salutary to 
note at least one major difference, a difference in the extent to which 
the crossed fibrillar structure goes. In these elongated cells, the layers 
with different chain directions are microscopically visible and therefore 
few in number. In the algae, however, they are submicroscopic in 
thickness and therefore many in number. Whether this is a really 
fundamental difference or not it is impossible to say at the moment. We 
might perhaps in passing note the different rates of development of the 
two types of cell. In the algae each cell apparently continues to deposit 
cellulose from the time it appears throughout the whole growing 
season—and perhaps for more than one year in Valonia. With conifer 
tracheids, a count of the cells developed over a week or two suggests 
that a tracheid is completely developed within two days from its first 
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Figure 19. Thin transverse section of bamboo between crossed nicols under a 
polarizing microscope. Note the regular alternation of bright and dark lamellae. 








DIMENSIONAL RELATIONSHIPS OF WALL STRUCTURE 


differentiation from the cambium. It is therefore a most interesting, if 
dangerous, speculation that wall layering of this kind in the algae has 
been associated with changes in the environment, where the cell grows 
over a long succession of days and nights, while a conifer tracheid grows 
only for about two days and one night (or two nights and one day). 


DIMENSIONAL RELATIONSHIPS OF WALL STRUCTURE IN 
ELONGATED CELLS 

In all elongated cells in which the microfibrils are inclined in a spiral 
round the cell, the spiral angle varies widely between cells in the same 
sample and this is a matter to which attention is page most forcibly 
perh Lps in the tracheids of conifer trees. Hand in hand with this 
variation goes also a variation in the dimensions of the cells and proba- 
bly also in chemical composition etc. A glance over the whole range of 
cell types available in wood suggests immediately that a most obvious 
correlation exists between cell length and microfibrillar orientation. 
Thus, in the short, fat cells known as vessels, the microfibrils lie 
commonly in very flat spirals; in the longer, narrower tracheids the 
spirals are steeper, and in the very long fibres such as ramie, flax and 
jute, they lie almost longitudinally. 

It is now some seventeen years since it was first shown that such a 
in the sense 
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correlation does actually exist among conifer tracheids*, 
that longer cells are wound with steeper spirals. At that time it was 
shown that the relation between the average length L and the angle 6 
between the microfibril direction and cell length was of the form 


L K cot 6 aaa 4) 


Since 9 was measured optically under a polarizing microscope we know 
now that it represents only the we ighted mean of the angles in the 
three separate layers (p 39 et seq) approaching fairly closely, however, 
that of the central layer. An explanation of this re lation was given in 
terms of the extension of the primary wall during the growth of the 
cambium which gives rise to these tracheids, but now that the structure 
of this wall is known to be quite different from that of the secondary 
walls in mature tracheids, such an explanation is no longer tenable. 

In more recent work*® it has been shown that the spiral angle 4 in 
the thick central layer of the wall is related to the width 3d of the cell 
in such a way that 4/sin 6 is approximately constant; and further that, 
if the observed value of 6 is corrected to 6; for standard breadth, then 


L=A-+ B cot 9s re 
where A and B are constants. The same type of relation also covers the 
outer (and presumably also the inner) wall layers even though the 
spiral is always much flatter in them*! 
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A relationship of exactly the same type has also been shown to 
harmonize with structural variations in bamboo fibres*® and there 
can be no doubt that the same is true of sisal fibres*®. It seems likely 
that this represents a very general phenomenon. 

Here, therefore, is one of the most intriguing problems in cell wall 
physics. The secondary wall is deposited after the bulk, at least, of the 
elongation of the cell is completed and the structure of the primary 
wall, the dimensions of which do change, is quite different, as will 
appear later, from that of this secondary wall. There can be no question 
here, therefore, of the deformation of an original spirally constructed 
cell such as was at first envisaged. In some way the cytoplasmic 
mechanism involved in oriented deposition of cellulose is to this extent 
controlled by cell dimensions, though as yet there is no clue whatever 
as to the type of association involved. 

While, however, the mathematical relations quoted above express 
the phenomenon satisfactorily in a statistical sense, there is some 
considerable spread of individual results. It is certain therefore that cell 
dimensions alone are not the only factors concerned in orientation. 
Still more recent work* has shown that growth rates are also involved 
in that, while longer cells have steeper spirals, nevertheless among cells 
of equal length those cells which reached this length more quickly have 
flatter spirals than do those more slowly grown. 

To summarize then, in the bulk of those cells where the walls contain 
well oriented cellulose there is commonly more than one orientation. 
The lamella within which the orientation is relatively constant may be 
microscopically visible, as in higher plants, or may be submicroscopic 
as in the algae. The genesis of this ‘crossed fibrillar’ structure is certainly 
to be looked for in the cytoplasm and any attempt at simple mechanical 
interpretation must be abandoned. The structure in general resembles 
very closely that of the proteins in the earth-worm cuticle as revealed 
in the beautiful electron micrographs of REED and RuDALL”, a similarity 
of undoubtedly fundamental importance the precise meaning of which 
is at the moment difficult to delineate. In all these cell types, the ori- 
entation of each set of fibrils is related to cell dimensions and here 
again mechanical explanations are futile. There can be no doubt but 
that these wall studies are presenting us with data which refer, not only 
to the wall itself, but also in perhaps an indirect way to the cytoplasmic 
surface. It is natural, therefore, that the work on these thick secondary 
layers, deposited after a cell has ceased to grow, should stimulate 
attention to the conditions obtaining in the primary wall during growth. 


THE PRIMARY WALL OF GROWING CELLS 


The problems of technique involved in the investigation of these 
delicate membranes are of an order quite different from those of the 
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robust secondary layers. The secondary layers can be dried and other- 
wise treated without any serious disturbances in structure. Primary 
walls, however, are usually so delicate that carelessness even in handling 
can produce artefacts which vitiate completely any results obtained. 
Even during drying the wall shrinks to about one third of its normal 
fresh thickness and it is not self-evident that such a change does not 
involve serious structural modifications. Since the method of x-ray 
analysis normally demands that the experimental material should be 
at least air-dried, and for electron microscopy it should be desiccated 
in a high vacuum, first concern is for the changes desiccation might 
induce here. Dried primary wall tissue normally yields an x-ray 
diagram which indicates the presence of micelles, in the sense used 
here, usually some 20 to 30 A in diameter. Again (see p 29), the elec- 
tron microscope reveals the presence of microfibrils some 250 to 300 A 
in diameter. The general picture, therefore, is one of an organization 
differing from that in secondary walls only in the degree of crystallinity 
and in the percentage of cellulose z.e. 8 to 14 per cent by volume as 
against some 50 per cent in secondary walls. Yet some workers, notably 
BERKELEY and Kerr*! in recent years, have claimed that in fresh 
material the primary wall is non-crystalline. BERKELEY and Kerr, 
indeed, go so far as to claim that, in cotton hairs which have never been 
allowed to dry, even the secondary layer is non-crystalline in the sense 
that it does not yield the x-ray di: igram typical of dried cellulose. It 
has been pointed out elsewhere by the author and his colleagues“ that 
the evidence can hardly be acc epted as convincing, either for primary 
or secondary walls, and that fre sh, living algal cells and wet cambial 
tissue yield the same x-ray diagram as the dried material, due regard 
being paid to the presence of water haloes. At the moment, therefore, 
it may be taken for granted that observations on dried primary wall 
tissue can be referred substantially also to the fresh, living cells. 

It has been claimed for a number of years that the microfibrils in the 
primary walls of elongated cells lie transversely to cell length and that 
this transverse orientation is maintained during elongation. Since, 
however, the evidence consisted of the determination of major extinction 
positions of whole cells, or even of tissues, under a polarizing micro- 
scope, assessment of its validity was by no means easy. Recently, 
however, the condition in the primary walls of cambial tissue and of 
oat coleoptiles”:?” has been ascertained directly by the method of x-ray 
analysis, in full confirmation of an earlier statement on the structure 
of single pieces of primary wall stripped from mature conifer tracheids®. 
In both instances the cellulose chains lie almost transversely, making 
an angle with the transverse plane which is certainly less than 16°, and 
this orientation is invariate during growth. Several attempts have 
been made to explain the development of such a structure through 
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simple mechanical agencies, again with little, if any, success. It seems 
far more likely that both the development of the orientation and its 
maintenance are associated with conditions in the cytoplasmic surface. 
The author has examined the possibilities elsewhere®* but a brief résumé 
may perhaps be given here. 

Dealing first with the deposition of microfibrils with transverse 
orientation, the salient points are these. No mechanical explanation 
has yet been given which is acceptable in any single case. On the other 
hand, there is the clearest possible indication of a very close connection 
between cell wall and cytoplasm in growing cells, both on the physio- 
logical and on the structural side. Of the former may be cited the well 
known difficulty in plasmolysing growing cells, suggesting that there 
is no marked plane of cleavage between wall and cytoplasm. On the 
structural side, the fact that removal of protein from cambial tissue 
involves an increase in the crystallinity of the cellulose in the wall?*.?7 
must mean a close association between proteins and cellulose. 

As regards the maintenance of the transverse orientation during cell 
extension, attempts to explain this on purely geometrical grounds in 
terms of longitudinal and lateral changes in cell dimensions have always 
been attractive and have been fully explored. The range of structures 
over which this maintenance holds, however, ranging from cambial 
cells where the extension is, in effect, mainly transverse*, through to 
the many tissues such as in oat coleoptiles where it is largely longi- 
tudinal, is far too wide for any such attempts to have any general 
significance. It must be accepted that there is some adjustment within 
the wall designed to accommodate changes in dimension. 

This brings forward the question of the causative mechanism leading 
to wall extension. Growth has for a long time been thought of as 
involving a passive stretching of the wall consequent upon the internal 
hydrostatic pressure within the cell. Now that it has been shown that 
this pressure actually decreases as a cell begins to grow*’, it is almost 
certain that again this simple, mechanical idea must be abandoned. 
The suggestion of Frey-WyssLinc* that this conception merely needs 
modifying, using data which is considered to show that the resistance 
of the wall to extension becomes reduced during growth, can hardly 
be accepted at present for a variety of reasons®. Not the least of these 
is that the data and reasoning he presents show cells at different stages 
of growth with the same ‘Young’s modulus’ but very different rates of 
extension even though the internal pressure remains constant. 

The only possible conclusion remains that the wall is growing and is 
at this stage as much a part of the whole growing system of the cell as 
the protoplasmic cell contents. It is much too early yet to be precise as 
to the processes at work, but there are evidently two possibilities. 
Either the microfibrils are growing at their ends or new microfibrils are 
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being intercalated. In either case, it is presumably the associated 
proteins which provide the mechanism and these therefore would 
represent an enzyme system; and in either case the process will involve 
the breaking of lateral bonds (at least) between the microfibrils and 
the intercalation of new fibrils (on the ends of the old). Any of these 
processes may involve energy exchanges and could therefore be coupled 
with respiration, and it is interesting to note the bursting of the tips of 
root hairs when oxygen is withheld**. Again, when part of the respira- 
tory enzyme system is inhibited, growth can be stopped even though 
rapid cellulose synthesis is still in progress. This again would be in 
agreement with the above argument. For it seems possible that the 
rate of growth could be controlled by the rate of breaking of bonds, so 
that the production of new cellulose governed principally the period 
over which growth occurs. When the former process ceases, the latter 
will then cause an increase in wall thickness just as GoRTER* observes. 

If these conceptions prove to have any merit, then it would appear 
that the cellulose microfibrils could be oriented by the co-existent 
protein chains—and depend, in the last analysis, on the orientation 
of the protein chains before the cellulose was present. It is satisfactory 
therefore to note that PickEN*” has observed orientation of protein 
chains in young growing cells. 

Finally, for some reason not yet established the cell ceases to grow. 
There seems to be no particular barrier to further growth in the wall 
itself and this cessation must be enforced by some internal metabolic 
feature. At this point, and presumably as a consequence of this internal 
change, cellulose production becomes more rapid and a line of 
separation develops between wall and cytoplasm. It is therefore very 
probable that from this point onward the functions of the proteins 
within the wall are taken over by proteins in the cytoplasm/wall 
interface. The cytoplasmic surface would then correspond to a series 
of enzyme systems, if not one whole enzyme complex. 
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PHYSICOCHEMICAL PROPERTIES 
OF THE NUCLEIC ACIDS 
D. O. Jordan 


THE nucleic acids are copolymers of high molecular weight in which 
the monomers, known as nucleotides, consist of a purine or pyrimidine 
linked to a sugar phosphate. The nucleic acids occur in combination 
with protein in all living matter and there is considerable evidence to 
suggest that such important biological entities as the chromosomes and 
the viruses consist almost entirely of nucleoprotein. It is certain that the 
nucleic acids play an essential role in the working of the living cell and 
an understanding of their physical properties, behaviour and structures 
is a necessary foundation to the understanding of cell division and thus 
of the growth of both healthy and malignant tissues. 

Many of the properties of the nucleic acids are dependent, as is to be 
expected, on the properties of the elementary building units which 
occur at frequent, but not necessarily regular, intervals in the polymer 
chain. The properties and structures of these will therefore be con- 
sidered first. 


DEGRADATION PRODUCTS OF NUCLEIC ACIDS 


Purines and pyrimidines 

Uracil J, cytosine ///, adenine JV and guanine V have been isolated 
from nucleic acids of cytoplasmic origin in which the nature of the 
sugar group has invariably been found, in the cases investigated, to be 
d-ribose. Deoxypentosenucleic acids, which are the characteristic acids of 
nucleal material, also contain adenine, guanine and cytosine but thymine 
(5-methyl uracil /) replaces uracil. The detailed structures of uracil, 
cytosine and thymine have not been established, but a determination 
of the structures of 2-amino-4-methyl-6-chloropyrimidine VJ and 
2-amino-4,6-dichloropyrimidine V/J has been made by CLews and 
CocHran!. The bond lengths and interbond angles are shown in 
Figure 1. Both molecules are found to be planar and the C—N and C—C 
distances within the ring correspond approximately to 50 per cent 
double bond character, in agreement with what would be expected for 
a six-membered ring in which resonance of the benzene type is possible. 
These pyrimidine derivatives, VJ and VII, however, are not analogous 
to those important in nucleic acid chemistry (/, JJ and ///) where 
alternative resonance structures of the benzene type, and in particular 
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of the Kekulé type, cannot be postulated. Of more direct significance 
are the conclusions drawn by the same authors? concerning the struc- 
ture of pyrimidine derivatives containing an amino group in the 
6-position as in cytosine ///. An amino group at position 6 (or 4) of the 


A 


I 


oe 


Figure 1. Dimensions of the molecules of a 2-amino-4-methyl-6-chloro-, 
b 2-amino-4,6-dichloro-, and ¢ 4-amino-2,6-dichloropyrimidine. 
From data of CLews and CocHRAN?:?, 


pyrimidine nucleus may show greatly reduced amino behaviour owing 
to the possibility of a tautomeric change converting the 6-aminopyri- 
midine VJ// to the iminodihydro-pyrimidine form LX. 

X-Ray studies? of 4-amino-2,6-dichloropyrimidine and 5-bromo-4,6- 
diaminopyrimidine indicate that these compounds in the crystal are in 
the aminopyrimidine form V/// and it is probable, by analogy, that the 
structure of cytosine is that given in ///. Information on the structure 
of the —NH—CO— group in uracil, thymine and cytosine may be 
drawn from the bond lengths in 2-hydroxy-4,6-dimethylpyrimidine 
obtained by Pirr? and shown in Figure 2. The length of the CO bond, 
1°22 A, indicates that this is a double bond, and the hydrogen atom of 
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the hydroxyl group will therefore be attached to either N, or N,. Since 
neither of these positions is to be preferred, this compound is most 
probably a tautomeric mixture of the forms X and XJ and the bond 
lengths given in Figure 2 are in agreement with this interpretation. 


H 
N 


(VI VII 


It is clearly evident from the length of the CO bond that the additional 
tautomeric form XJ/ does not exist to any appreciable extent in the 
crystal. This conclusion tends to confirm the structures J, JJ and II 
which have conventionally been given to uracil, thymine and cytosine 
respectively, but does not necessarily indicate the correct position of 


NH, NH 
(VII) 1X 


the hydrogen atom in the molecule in aqueous solution or the location 
of the negative charge in the ion. 

X-Ray studies of adenine hydrochloride have been made by BERNAL 
and Crowroot’, but no attempt was made to determine the positions 
of the atoms in the unit cell. These have, however, been determined 
more recently by BRoomMHEAD** for both adenine and guanine hydro- 
chloride and more precise data on adenine hydrochloride has been 
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obtained by Cocuran’. The bond distances and interbond angles are 
given in Figure 3. The structures of adenine and guanine are very 
similar, the main differences being that N,. of guanine appears to be 
displaced by o711 A from the plane containing the other atoms and 


CH, 

XD) 
that there is a difference of o‘10 A in the C,—QC, distance, that in 
adenine being the longer. This may be due to experimental error®, but 
in view of the fact that this difference is in agreement with the acid- 
base properties of adenine and guanine (see below) it is more probably 
real. The C,—O bond in guanine, which is of length 1°20 A appears to 
have a predominantly double bond character, thus confirming the 
formula V conventionally ascribed to guanine. BROOMHEAD points out, 
however, that an error of 0°05 A in this value would make the bond of 
comparable length to the C—O bond length found in diketopiperazine® 
and glycine? where the bond possesses only 50 per cent double bond 


character. 


Figure 2. Dimensions of molecule of 
2-hydroxy-4,6-dimethylpyrimidine. 
From data of Pirt’. 


The position of the hydrogen atoms in the adenine cation has been 
considered by both BRoomHEAD® and Cocuran’ who conclude that the 
arrangement is that given by X///. The positive charge may be located 
at N,, N, or Nj) and the short length of the Cge—N,,) bond (1°34 A 
compared with the single C—N bond value of 1°47 A) may be attrib- 
uted to the contribution of resonance forms in which N,, bears the 
positive charge and in which the C;—N,, bond is double. 
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The location of the hydrogen atoms in the guanine cation is not 
known so precisely. Hydrogen bonds exist between N, and Nj), and O 
and N,; the remaining four hydrogen atoms will be located at N,, Ng, 
N,)andC,. There are thus four possible tautomeric forms (X7V—XVII) 


b 


Figure 3. Dimensions of molecules of a adenine and b guanine. 
From data of BROOMHEAD*.®. 


and a decision as to which is the correct structure in the crystal must 
await a more precise study such as that carried out for the adenine 
cation. In solution, however, it is very probable that the four tautomers 
are indistinguishable (see HuNTER!®). 

It may be significant that in the crystalline state purines and pyri- 
midines form strong hydrogen bonds involving the nitrogen and oxygen 
atoms, and in the crystalline hydrates involving the water molecules 
also. This capacity of the nitrogen atoms of purines and pyrimidines 
to form inter- and intramolecular bonds will be discussed below in 
connection with the structure of the nucleic acids. 


NH, 
(XT) 


The pXq values of some purines and pyrimidines are given in Tadle J. 
The acid-base properties of uracil were first investigated by LEVENE 
and Simms! who concluded from electrometric titration data that it 
possessed two acid dissociations with pXq values of 9°28 and 13°56 
which were attributed to the two —CO—NH— groups. Later, how- 
ever, LEVENE, Bass and Simms”? showed that an error had been made in 
applying the water correction for the titration in strongly alkaline 


95 





PHYSICOCHEMICAL PROPERTIES OF THE NUCLEIC ACIDS 


solution and a re-calculation of the data showed the existence of 
only a single dissociation of pXq 9°45. This conclusion has been con- 
firmed by Taytor"™. The reason for the extreme weakness of the second 
dissociation of uracil is still somewhat obscure; LEVENE, Bass and 


hie 
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| 
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XS 
™* 
Cc 
ae 


Cc N 


H 


OH 


(XVI (XVI) 


Sms” considered that the two —CO—NH— groups were of com- 


parable strength in the neutral molecule, a view which is supported by 
the data given in Tad/e J for 1- and 3-methyl uracil which have similar 
pK values to that of uracil, and that the ionization of the second group 
was inhibited by the ionization of the first to such an extent that the 
pKa, value was too high to be detected by titration in aqueous solution. 


HN 


(XVII) 


However, that the two groupings are not exactly similar is evident from 
the structure J since N,H is attached to two carbonyl groups whereas 
N;H is attached to one carbonyl and one CH group. Furthermore, 
calculation’’ of the difference between pky, and py, using the 
methods of Kirkwoop and WEsTHEIMER'® and assuming that the 
dimensions of the uracil molecule are similar to those of 2-hydroxy-4, 
6-dimethyl pyrimidine (Figure 2) gives the low value of 1°57. This 
56 
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view is also supported by the extreme weakness of the second dissociation 
of cytosine, pkg, 12°1, (Table I) as compared with that of iso-cytosine 
XVIII, 0K, 9°42, ( Table I) which suggests that the 2-carbonyl group 


in uracil (or the N,) has stronger basic properties than has the 6-carbony] 


Table I. pKa Values of Purines and Pyrimidines 





Substance y pKa, pKa, Reference 





Uracil 

1-Methyl uracil 
3-Methyl uracil 
Thymine 
Cytosine 
iso-C'ytosine 
Adenine 

Guanine 
Xanthin 
1-Methylxanthin 
3-Methylxanthin 
7-Methylxanthin 
9-Methylxanthin 
Hypoxanthin 


“I NNNN ND 


S)) 











group (or N,). This conclusion is similar to that reached by Ocston'® 
in the somewhat analagous case of the xanthins. 

There is little evidence concerning the proportions, in these sub- 
stances in solution, of the keto and enol forms. The pk value of 
uracil is comparable either with that of an aromatic hydroxyl group, 
or with that of the —CO—NH—CO— group in succinimide’. While 
this is not incompatible with the view that the two forms are present in 
comparable proportions, it is certain that other factors, such as the 
different resonance energies of the two forms, play a fundamental 
part in determining the position of equilibrium. The values of the 
intrinsic basic constants of the oxygen and nuclear nitrogen atoms are 
thus still unknown. Although important in many respects, this problem 
has little significance at present in nucleic acid chemistry since the 
dissociation can be identified with the pyrimidine residue as a whole. 

The methyl group on the 5-position of uracil in thymine has little 
effect on the pXq value, 9°82. This has been determined using material 
obtained from deoxyribosenucleic acid” and with synthetic thymine'* 

Uracil and its derivatives show no basic properties in aqueous 
solution. The basic properties of cytosine and zso-cytosine can be 
ascribed to the amino group. This is in accordance with the p& 
values which are comparable with those of aromatic amines and ian 
been confirmed by titration in the presence of formaldehyde’, when a 
reduction of the basic strength takes place; this behaviour is character- 
istic of amino groups”. ‘ 
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The dissociation constants of adenine and guanine are given in 
Table I. On deamination, adenine yields hypoxanthin X/X and guanine 
yields xanthin XX. These compounds are of importance in the inter- 
pretation of the electrometric titration curves of deaminated nucleic 
acid. There is considerable evidence that the weakest dissociation of 
adenine and guanine represents the dissociation of —NH— to —N— 


(XTX) (XX) 


in the iminazole ring. Benziminazole, which is analagous to the purines 
in that it consists of an iminazole ring fused to a benzene ring, was 
found by Taytor® to have a basic association of pXg, 5°30 and an 
acidic dissociation of pkg, 12°3. These values must represent the 
dissociation of —NH= and —NH— groups respectively. The value of 
pKa,, 5°30, may be compared with that of 7°1 given by DepIcHEN”® for 
iminazole. The value 12°3 is of the same order as those of the weakest 
acid dissociations of guanine, 1- and 3-methylxanthin and hypo- 
xanthin, all of which are unsubstituted in the iminazole ring. As would 
be expected, 7- and g-methylxanthins show no dissociation in the pH 
range 11°0 to 12°5. In adenine the PX, value, 9°80, is surprisingly low 
when compared with the corresponding dissociation of guanine but 
nevertheless may be in accordance with the crystallographic data’. 
The unusual acidic strength of this group in adenine may be explained”! 
if considerable contributions to the structure of the molecule were 
made, not only by the uncharged structures XX/J and XXII, but also 
by others of types XX/// and XXIV, in which there is a negative charge 
on the pyrimidine nitrogen atoms and a positive charge on those in the 
iminazole ring. This would lower the pA, value from one character- 
istic of an uncharged —NH— group towards one characteristic of a 
charged group —NH=. The respective values for these groups in 
benziminazole are 12°3 and 5°30 and the observed value of 9°8 for 
adenine could thus be explained. Structures of the type XX//J and 
XXIV necessarily contain a single bond in the C,—C, position and the 
lengthening of this bond (Figure 3a) could thus be qualitatively 
accounted for. 

In guanine, the dissociation of the iminazole —NH— group takes 
place in a molecule which already bears a negative charge in the region 
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of the pyrimidine nitrogen atoms as a result of the dissociation of the 
—NH—CO— group. The guanine structures corresponding to XXIII 
and XXIV would therefore be expected to make a smaller contribution 
to the state of the guanine anion than in the adenine molecule. In 
agreement with this view, the C,—C, bond in guanine is shorter than 
, as shown in Figure 3, and the pXq value of the iminazole 


in adenine® 
H 3 H 
N oN | ' N  N* 


% 


I | 
NH, NH, NH, NH, 
XXI (XXII (XXII) VXI} 


N N 


NH— group is of the same order as in benziminazole. This argument 
has been criticized by CocHRAN’ on the grounds that formulae of the 
type XXI to XXIV consistently make the bonds N,—C, and N,—C, 
single bonds and the bond N,—C, a double bond, whereas x-ray data 
indicate that these bonds in adenine all possess 20 to 50 per cent double 
bond character. The correlation of crystal measurements with data 
obtained for solutions must always be carried out with care and in the 
present instance the influence of the chloride ion, close to the adenine 
ion in the lattice, may introduce significant effects. 

The exact nature of the acid dissociation of pkq 6 to 9, which 
appears in the oxypurines, is less certain. Existing evidence indicates 
clearly that it is to be associated with the presence of the 6-oxy group 
in guanine, hypoxanthin and xanthin; the second oxy group in the 
2-position in xanthin does not give rise to a further dissociation in the 
pH range capable of titration in aqueous solution. This behaviour is 
analogous to that of uracil discussed above. Ocsron"® considers that the 
acidic properties of xanthin do not depend on the —-NH—CO 
group in the 1- and 2-positions since substitution of a methyl group in 
the 1-position does not greatly alter the pXz, value of xanthin or of 
the 3-, 7- and 9-mono-methylxanthins. Furthermore, TAFrEL and Dopt™” 
found that the 6-deoxyxanthins do not show any acidic properties 
which could not be ascribed to the iminazole —NH— group, although 
comparison of these compounds with the more aromatic xanthins is 
not altogether justifiable since the —CH,NHCONH— group in the 
deoxyxanthins is more aliphatic and comparable with urea. The actual 
form of the dissociating group has been studied by Ocsron'® by 
electrometric titration in water and in go per cent ethyl alcohol. In 
xanthin the group is considered to be in the enolic form and the 
structure is —N,=C,OQH—. In the 3-, 7- and g-methylxanthins, how- 
ever, the zwitterionic form is considered to predominate, the acid 
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dissociation being represented as that of an —NH= group in the 
iminazole ring. If this interpretation is correct, the dissociation of the 
second hydrogen atom in the iminazole ring must be preceded by a 
tautomeric change! since, according to Ocsron!®, the —NH— group 
in the 1-position does not show acid properties in these molecules. ‘Thus 
for 3-methylxanthin we have the following changes on dissociation 


CH, CH, CH, 
N oN 


PKa o¢ 3c 


— 


810 HN Cc 


og O- 

Nucleosides 

The nucleosides are composed of a purine or pyrimidine attached to a 
sugar residue which is generally d-ribose or d-2-deoxyribose. Early 
work had established that the nucleosides were N-d-ribosides and 
N-d-2-deoxyribosides of the purine bases after which they are named. 
The point of attachment of the glycosidic radical in cytidine XXV and 
uridin XXVIJ as being at N, was established by LEVENE and ‘Trrson*4 
and by LEvENE and LarorGe*. Work along similar lines by BREDERECK, 
MULLER and BERGER” has shown that in thymine deoxyriboside XYXVII 
the glycosidic radical is also attached at N,. In the purine nucleosides, 
the early assumption that the position of attachment was at N, was 
corrected by a study of the ultraviolet absorption spectra of the nucleo- 
sides and of the corresponding 7- and g-methyl substituted purines 
which established?” that the point of attachment was at N,. These 
configurations have now been confirmed for adenosin XXVIII, cytidine 
XXV and uridin XXVIJ by chemical methods*® and for cytidine also 
by x-ray methods*!. The configuration of the glycosidic linkage has 
been established by DavoitL, LyrHcor and Topp” to be of the 6-type; 
this has been confirmed for cytidine and adenosin by x-ray methods*}*, 
For the ribonucleosides the sugar has been shown to be in the furanoside 
form, and this has been confirmed by synthetic methods*® and for 
cytidine by x-ray methods*!, For the deoxyribonucleosides the evidence 
for the structure of the sugar radical is much less satisfactory*™. 

The crystal structure of cytidine has recently been determined by 
FurBERG*!* and the $-configuration of the glycosidic linkage and 
furanoside nature of the d-ribose confirmed. The molecular projection 
is given in Figure 4, the planes of the pyrimidine and d-ribose rings are 
very nearly at go°. The bond distances in the cytosine ring suggest that 
it is a resonating system in which the carbonyl and amino groups take 
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part. The bond to the sugar radical is not involved, however, as its length, 
1°47 A, suggests that it is a single bond. Although the pyrimidine 
ring is planar, there is some indication*! that the ribose ring is not. 

Preliminary x-ray investigations have also been carried out on 
uridin, adenosin and guanosin*®. The structure of uridin is, as is to be 
expected, very similar to that of cytidine. The data on adenosin 


CH;OH CH,OH CH;OH 
CH CH CH 
O CHOH fe CHOH 
HC—CHOH HC—CHOH 


N 


O CHOH 


HC—CHOH 


NH, 


(XXVIUI XXIX 


confirm that the glycosidic linkage is at N, and of the $-type. The 
direction of the N,C; bond connecting the two ring systems was 
considered by HENpricks* and by AstBury”’ to form an angle with the 
plane of the purine, so as to make the purine and furanose rings 
parallel. In cytidine, however, this bond lies in, or very nearly in, the 
plane of the pyrimidine ring and the considerable resonance in the 
adenine molecule would suggest that this is also true for adenosin. 
If this is true, the two rings will be nearly perpendicular to each 
other and although the existing data do not definitely exclude other 
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configurations, this structure appears the most satisfactory. The data 
of Henpricks* can be reinterpreted on this model; GULLAND, BARKER 
and JorDAN* pointed out that in the structure proposed by HENDRICKS 
the sugar was a-lyxose and not d-ribose; however, in the structure 


} 








Figure 4. Dimensions of cytidine; dotted lines represent hydrogen bonds. 
©) ; dott e] ydrog 
From data of FURBERG*!*, 


proposed by FurBERG* two parallel planes approximately 1°5 A apart 
can be recognized, one containing the purine ring, and atoms C), C; 
and C{, the other passing through Cj, C} and O}. FurBere* concludes 
that guanosin hasa very similar structure to adenosin although a detailed 


structure has not so far been obtained. 
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The pXq values of the nucleosides in Table IJ correspond more or 
less closely to those of the parent purines or pyrimidines. There is, 
however, a general tendency for the pXz values to be lowered 1.e. for 
the acid dissociations to be strengthened, which is presumably due to 


Table II. pKa Values of Nucleosides and Nucleotides 





Substance pKa, pKa, pKa, pKa, Reference 





Adenosin 
Guanosin 
Cytidine 
Uridin 
Inosin 
Xanthosin ; 

Adenylic acid ‘ 3° 3°74) 6 6°04) 

Guanylic acid 2°30 (2°49) 92 (6°05) 9°38 (9°33) 
Cytidylic acid 4 "24 (4°22) 5°97 (6°07) 

Uridylic acid 5° 











* denotes relative position of isoelectric region. 


the inductive effect of the sugar hydroxyl groups. Except in xanthosin, 
which does not appear to have been studied at a sufficiently high pH, 
2°6 which is of 


9°Q 


an additional dissociation is observed of pk 12°3 to 


the correct order for the first acid dissociation of a sugar. No data are 
available on d-ribose but glucose* has a pKq of 12°1. 


Nucleotides 

The phosphorylation of a sugar hydroxyl group converts a nucleoside 
into the corresponding nucleotide. In the ribonucleotides the location 
of the phosphoryl residue can be at Cj, C, or Cj and in the deoxy- 
pentosenucleotides at C} or Cj. In the purine ribonucleotides, which 
have hitherto been isolated from the hydrolysis products of yeast 
ribonucleic acid, it has been established by chemical means*™ that the 
phosphoryl residue is at Cj. In the pyrimidine ribonucleotides it has 
generally been assumed, by analogy with the purine ribonucleotides, 
that the phosphoryl residue is also at Cj; however, FuRBERG*!*® has 
now confirmed this location for cytidylic acid. The position in the 
deoxypentosenucleotides is generally assumed to be C; by analogy 
with the ribonucleotides; this is largely necessitated by the difficulty 
experienced in the preparation of the deoxypentosenucleotides from 
deoxypentosenucleic acid and the consequent lack of experimental 
data thereon. Although the nucleotides obtained from the hydrolysis 
of yeast nucleic acid are generally found to be the 3’-phosphate, the 
yield is not quantitative and if the linkage between the nucleotides is 
formed by a diester link involving a phosphoryl residue and the C; 
and C; atoms of neighbouring nucleotides, as is believed (see below), 
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it is to be expected that some (up to 50 per cent yield) 2’-phosphate 
should be obtained. In this respect the observations of CARTER and 
Coun* that examination of the hydrolysis products of ribonucleic 
acids on resin columns leads to the identification of isomeric nucleotides 
is of importance. Unfortunately these isomeric nucleotides have not 
as yet been identified as the 2’-phosphates in view of the fact that these 
have not been synthesized, the compounds obtained by GuLLAND and 
SmitH“ having since been shown by Brown, Haynes and Topp* to 
be the 5’-phosphates. 

The pq values of the ribonucleotides obtained by the hydrolysis 
of yeast ribonucleic acid are given in Table IJ. Comparison with the 
respective nucleosides shows that the acid-base groups of the latter are 
in each case supplemented by two additional dissociations having pKq 
values of 0°7 to 1°0 and 5'9 to 6’o. These are of the correct orders for the 
first and second dissociations of a sugar phosphate. Ribose 3-phosphate 
has not been studied, but the analogous glucose 3-phosphate has been 
shown by MeyEruHorF and LoHMANN*® to have py values of 0°84 and 
5°67. Similar values have been obtained for other sugar phosphates‘. 

The assignment of the pq values to the various groups is best 
carried out by reference to the data for the corresponding nucleosides 
and the sugar phosphates. The following are the relevant data for 
adenylic acid: 

Adenosin pKa 3°45 

Sugar phosphates pkg, o°8 to 11 = pKa, 6'0 to 65 

Adenylic acid pKa, 0°89 pKa, 3.70 pKa, 6°01 
The pX%, value of adenylic acid is clearly that of a primary phosphoryl 
dissociation, pAq, an amino dissociation and pq, a secondary phos- 
phoryl dissociation. In the isoelectric region therefore adenylic, guanylic 
and cytidylic acids will exist very largely in the zwitterionic form. It 
is therefore to be expected that the nucleic acids will behave similarly, 
The values of A, for the nucleotides, where 

[H,N*+ROPO.(OH)O-] 
Kk, = CR tRRRRRER nea 3 eres 
[H,N ROPO.(OH), | 
may be calculated assuming that 
1 only the primary phosphoryl group and the amino group are impor- 
tant in determining the position of the isoelectric region and the value 
of Ky and 
it the constant for the dissociation 
H,;N*+ROPO(OH),+H,O2H,NROPO(OH),+H,O+t 
is identical with that for the nucleoside 
H,N*+xR+H,O2H,NR+H,0O+ 
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Then* Kk 
Kz —= = 
kK 


1 nucleotide 1 


1 nucleoside 

The latter assumption is analogous to that generally employed for 
calculating kK, for the amino acids, when it is assumed that the dis- 
sociation of the amino group in the positively charged acid is identical 
with that of the corresponding ester*®. It is justified here by the fact 
that the uncharged phosphoryl group is unlikely to have any inductive 
effect on the amino group since there are six atoms separating the 
groups concerned and the furanose ring is a non-resonating system. 
The values of A, so calculated are given in Table III. In guanylic acid, 


Table Il. Values of Kz for the Ampholytic Nucleotides 





Substance pRa, nucleotide pKa, nucleoside 





Guanylic acid 
Adenylic acid 
Cytidylic acid 








because of the low value of pA; of the amino group in guanosin, the 
concentration of the zwitterionic form is only seven times that of the 
uncharged ion. In adenylic and cytidylic acids, however, the ratio is 
very much greater and the concentration of the uncharged form in the 
isoelectric region is negligible. 

It is evident from the data given in Table // that the introduction of 
the negatively charged phosphoryl] ion into the nucleoside produces a 
weakening of the acid strength of the amino and —NH—CO— dis- 
sociations. In the former the phosphoryl group is only singly charged 
whereas in the latter it will be doubly charged owing to the ionization 
of both primary and secondary phosphory] groups at PH values where 
the —-_NH—CO— groups of guanylic and uridylic acids are dissoci- 
ating. This behaviour will be due to the field effect, first recognized 
by By—ERRUM”® and due to the increased concentration of hydrogen ions 
round the negatively charged nucleotide ion tending to inhibit the 
ionization of a second group. The quantitative treatment of this effect 
has been studied by BJERRUM” and by Kirkwoop and WEsTHEIMER™® 
who obtain the equation 
hy, e 
ok, 2°303 k Tr D; 


log 
where A, and ky, are the dissociation constants of the two groups, é is the 
electronic charge, k the Boltzmann constant, 7 the absolute a \- 


ture, r the distance between the dissociating groups, De the dielectric 
constant of the cavity in the solvent occupied by the molecule and o is 
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the statistical factor which is of significance only when the groups 
concerned have overlapping dissociations and the competition for the 
proton affects the basic association constants. Dg approximates to the 
dielectric constant of the medium at high values of 7. 

In evaluating the nature of the effect for the nucleotides, A, will be 
the dissociation constant of a group in the nucleoside and A, the 
dissociation constant of the same group in the nucleotide; o will be 
unity. Calculation of 7, the distance between the charged groups from 
the data given in Table II then gives the values in Tadle IV. It is 
appreciated that these calculations have been applied to non-thermo- 
dynamic dissociation constants which may be incorrect up to o'1 p& 
unit, however, the shift of the pX value in the nucleoside and nucleotide 
will be in the same direction in going from the non-thermodynamic to 
the thermodynamic constant and the error in taking 


A pk’ = phe og pk 


1ucie 


/ 


nucleoside 
instead of Ap may not be very great. It is clear that the determination 
of the thermodynamic constants is now very desirable. 


Table IV. Distances between Charged Groups in the Nucleotides 





Substance Groups concerned 





Adenylic acid OPO.(OH)O ’; "NH, 
Guanylic acid OPO.(OH)O'; NH, 

| OPO.(O-), =; —NH—CO 
Uridylic acid OPO.(O°), 3; —NH—CO 








The difference between the adenylic and guanylic acid values is in 
qualitative agreement with the differences between the structures of 
these compounds, The calculations involving the —NH—CO— groups 
have been made using the approximate formula 

2¢* 


2:303 k Tr Dy 


and the very large values of r so obtained are probably more due to 
the approximate nature of this formula than to discrepancies in the 
pka values. The identity of the pAg values of the amino group in 
cytidine and cytidylic acid (Table I) is not understood and requires 
further study. Although these considerations are clearly approximate, 
they do serve to emphasize the influence of the charged phosphoryl 
group on the dissociation of other groups and to indicate that this 
effect must be taken into account when considering dissociation of 
groups in the polymer. 
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NUCLEIC ACIDS 

In order to study the properties and structures of the nucleic acids it 
is clearly desirable that the nucleic acid shall be in a condition as 
closely resembling that in the cell as possible. Nucleic acids, however, 
invariably occur in combination with protein and the nature and 
strength of the bond between the nucleic acid and the protein appears 
to vary considerably from one nucleoprotein to another. In general, 
it has been found that in the pentosenucleoproteins the nucleic ac id 
is bound firmly to the protein, probably by a covalent bond, and in 
order to separate the nucleic acid, relatively drastic chemical methods 
have to be employed such as the addition of sodium carbonate or 
sodium hydroxide > or by heating the solutions to relatively high temp- 
eratures*, These treatments degrade pentosenucleic acid as well as 
separating it from the protein; furthermore, very frequently the nucleic 
acid may only be isolated from solution by acidification, a stage which 
may further alter the size and shape of the nucleic acid molecule. On 
the other hand, the nucleoproteins containing deoxypentosenucleic 
acid are generally capable of being dissociated into the constituent 
nucleic acid and protein by relatively mild methods which do not 
involve changing the pH of the solution from the neighbourhood of 
The high molecular weight nucleic acid may then be precipitated 
by the addition of alcohol. ‘The physical properties and structures of 
the deoxypentosenucleic acids have therefore been more systematically 
studied than those of the pentosenucleic acids, although, somewhat 
paradoxically, more is known of the chemistry of the degradation 
products of the latter for reasons that will be evident from what follows. 
Two nucleic acids, the deoxypentosenucleic acid of calf thymus and 
the ribonucleic acid of yeast, have been studied extensively and there 
is some evidence that in general physicochemical be haviour these two 
acids are representative of the deoxypentose- and pentosenucleic acids 
respectively. Methods of preparation of the deoxypentosenucleic acids 
are generally based on the method described by HAMMARSTEN”® which 
was develope d from the earlier experiments of BANG*'; in this method 
the nucleoprotein is extracted with water from the minced glands and 
the nucleic acid separated from the protein by saturating the solution 
with sodium chloride when the protein is precipitated on standing. 
This method has been criticized for not giving a protein- free product * 
and methods based on that of preparing nucleoproteins introduced by 
Mirsky and Po.uisTreEr™ have been developed. This method separates 
the deoxypentosenucleoproteins of the nucleus from the pentose- 
nucleoproteins of the cytoplasm by washing the latter from the minced 
glands with o’g per cent sodium chloride in which the pentosenucleo- 
proteins are soluble and the deoxypentosenucleoproteins are insoluble. 
The deoxypentosenucleoproteins may then be extracted from the 
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tissue with 5 per cent sodium chloride in which they dissolve to give a 
viscous solution and precipitated either by the dilution of the solution 
to make it o’g per cent in sodium chloride™ or by the addition of 
alcohol**. From the nucleoprotein so prepared, GULLAND, JORDAN and 
THRELFALL” isolated the nucleic acid by removing the protein after 
emulsification with chloroform®*. The Hammersten-Bang technique 
has been modified by TAyLor, GREENSTEIN and HOLLAENDER™ and by 
CosGROovE and JoRDAN*® in order to precipitate the calcium salt of the 
nucleoprotein, re-dissolving in sodium chloride solution and precipi- 
tating the protein, as before, by saturating the solution with sodium 
chloride. 

Degradation of the nucleic acid during the extraction process may 
be brought about by the action of enzymes as well as by chemical 
reagents and SIGNER and Knapp” have emphasized the importance of 
preventing enzymatic degradation particularly during the first stages 
of the extraction and have shown that the viscosities of the solutions of 
the product are dependent on the time taken for the extraction, the 
viscosity being higher the shorter the time taken in preparing the 
specimen. Attempts to reduce enzyme activity have been made by 
working rapidly at 0° C, by adding enzyme inhibitors such as sodium 
fluoride and thymol® and by grinding the glands with solid carbon 
dioxide". 

As stated above the methods at present available for the isolation 
of the pentosenucleic acids of necessity employ reagents which must 
bring about some degradation of the nucleic acid (for methods see 
LEvENE and Bass”). However, the recent preparation of a high 
polymeric pentosenucleic acid from the turnip yellow mosaic virus by 
MarkuaoM and Smiru® opens the possibility of macromolecular studies 
on this type of nucleic acid. 

There is little satisfactory evidence that the nucleic acids prepared 
by the methods outlined above are homogeneous samples either as 
regards size or chemical composition. Ultracentrifuge and electro- 
phoretic studies generally show very sharp boundaries which do not, in 
this instance, necessarily indicate homogeneity. The work of DEsREux® 
on the fractionation of pentosenucleic acids by solubility methods is 


therefore of particular significance. 


Nature of internucleotide linkage 
For the union of the nucleotides in the polynucleotide several types of 


linkage are theoretically possible, those which merit serious consider- 

ation are: 

1 ether linkage between two sugar residues 

2 phospho-amide link between a phosphoric acid residue and an 
amino group attached to a purine or pyrimidine 
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3 pyrophosphate formation between two phosphoric acid residues 
4 ester formation between phosphoric acid residues and sugar hydroxy] 
groups. 

Since all these bonds involve one or more groups possessing acidic or 
basic properties, titration of the nucleic acid with acid or alkali 
permits a decision to be made as to the predominating mode of linkage. 
The titration data are, by convention, interpreted in terms of a statis- 
tical tetranucleotide consisting of one of each of the four constituent 
nucleotides. This necessarily assumes that the four nucleotides are 
present in equimolecular quantities. The experimental data on the 
relative proportions of the nucleotides are very confused and incon- 
sistent, and it is better wherever possible to consider the number of 
acidic or basic groups relative to four atoms of phosphorus. It is neces- 
sary also to make some assumption concerning the equivalent weight 
of the nucleic acid; this value does not vary a great deal, however, as 
the proportions of the nucleotides are changed, so long as the ratio of 
the purine to pyrimidine nucleotides does not vary. 

The earlier titration data on the deoxypentosenucleic acid of 
thymus*”! were conflicting, the acid, in titration up to pH 8:o, being 
classified as pentabasic or tetrabasic by different observers and the 
results interpreted in terms of an open chain and cyclic structure 
respectively. The samples studied, however, were considerably de- 
graded owing to the methods of extraction that had been employed and 
the conflicting results have been ascribed to the different degrees of 
degradation of the samples studied’. The acid isolated by the 
Hammersten-Bang procedure was studied by HAMMERSTEN* who 
concluded from conductivity determinations on the free acid that the 
latter showed four acid dissociations per tetranucleotide having the 
very approximate pkq values of 2°4, 3°7, 4°3 and 5°2. Incomplete 
electrometric titration data was obtained on similar preparations by 
Jorprs” and by STENHAGEN and TEoRELL” which indicated the ab- 
sence of any appreciable secondary phosphoryl dissociation since the 
solutions were found to be almost entirely unbuffered in the region pH 
6'0 to g°0. 

More extensive studies on the carefully prepared high molecular 
weight sample of GULLAND, JORDAN and THRELFALL” have been made 
by GULLAND, JORDAN and TayLor® whose results have been confirmed 
by SIGNER and SCHWANDER”, The titration curve of the sodium salt of 
the deoxypentosenucleic acid of calf thymus is shown in Figure 5. The 
addition of acid or alkali to the solution in water does not at first bring 
about the ionization of groups between fH 5’0 and 11’o, but outside 
these limits there occurs a rapid liberation of groups titrating in the 
ranges pH 2°0 to 60 and pH 9g’0 to 12°0. On back titration, either with 
acid from pH 12°0 or with alkali from pH 2°5, a curve is obtained, which 
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is different from that representing the initial (forward) titration and 
which exhibits a well defined point of inflection in the neutral region 
and shows incipient points of inflection in the region of pH 12°0 and 2°0 
corresponding respectively to approximately 2°0 equivalents of alkali 
and 3°0 equivalents of acid for each four atoms of phosphorus. Addi- 
tional confirmation of the number of groups titrating in the alkaline 





2:00 


Figure 5. Titration curve of deoxy- 
pentosenucleic acid of calf thymus. 
I forward titration curve, JJ back 
titration curve. Data of GULLAND, 
JORDAN and TayLor® 





region was obtained by titrations in 1°0 M potassium chloride, although 
a complete back titration could not be obtained owing to the ease with 
which precipitation of the deoxypentosenucleic acid occurs in the 
presence of 1°0 M potassium chloride when acid is added. The data 
obtained were sufficient to indicate that the discrepancy between the 
forward and back titration curves persists in the presence of 1°70 M 
potassium chloride. The interpretation of the forward titration curve 
concerns the macromolecular structure of the nucleic acid and will be 
considered later. Interpretation of the back titration curve must be 
made with reference to the py values of the ribonucleotides since the 
deoxypentosenucleotides have not yet been isolated in quantities suf- 
ficient to permit investigation by electrometric methods. This procedure 
is to some extent justified by the simil: rity of the acid-base properties 
of g-methylxanthin and xanthosin which suggests that the acid-base 
properties of the purines and pyrimidines are not very dependent 
on the nature of the substituent radical so long as it is a non-resonating 
system and the glycosidic C—N linkage remains a single bond. 


70 





NUCLEIC ACIDS 


The analysis of the titration curve cannot be carried out with 
precision owing to the large number of variables. Neither the relative 
amounts of the dissociations nor the values of the dissociation constants 
of the groups in the polynucleotide are known precisely and satisfactory 
theoretical curves may be drawn in agreement with the experimental 
data which differ in these respects. Thus GuLLAND, JORDAN and 
TayLor® have concluded that in the range pH 2°5 to 8°o, the titration 
curve is in approximate agreement with a theoretical curve constructed 
for 1°0 equivalent each, for every four atoms of phosphorus, of dis- 
sociations having pkg values of 2°5, 3°5 and 5°2, whereas CosGROVE 
and JORDAN® in a re-evaluation of the same data consider that the 
results are closer to the curve constructed for 1°2, 0°8, 1°0 and 0°25 
equivalents respectively of dissociations having pA values of 2°3, 3°8, 
4°5 and 6°25, the last being an allowance for a small amount of 
secondary phosphoryl dissociation which appears to be present. Such 
disagreement, however, does not alter the conclusion that in this range 
the amino groups of guanine, adenine and cytosine deoxypentose- 
nucleosides are being titrated, thus indicating that these groups do not 
take part in the internucleotide linkage. The analysis** of the sodium 
salt of deoxypentosenucleic acid shows that there is a sodium atom for 
every phosphorus atom and in view of the fact that the amount of 
secondary phosphoryl dissociation is small, these must be combined 
largely or entirely with the primary phosphoryl dissociations. ‘The 
groups titrating in the range pH 8'o to 12’0 are considered to be the 
—NH—CO— dissociations of thymine and guanine deoxypentosides 
and the curve is found to be in agreement with a theoretical curve 
constructed* for 1°0 equivalent each of pkg values 1074 and 11°4. The 
reason for the weakness of these dissociations compared with the corre- 
sponding groups in thymine and guanine will be discussed later. The 
presence of the theoretical number of amino, primary phosphoryl, and 
—NH—CO-— dissociations and the almost complete absence of second- 
ary phosphoryl dissociations is in agreement with the view that the 
deoxypentosenucleic acid of calf thymus has a long unbranched 
chain structure as proposed by S1GNER, CASPERSSON and HAMMARSTEN™ 
and by Asrsury and BeLv” and that in the polynucleotide the phospho- 
ester linkage between the nucleotides predominates. Thus the acid 
most probably possesses the long unbranched chain structure XYX 
similar to that suggested previously by Levene and Srums® for the 
material studied by them and regarded as a tetranucleotide. The unit 
from which the polymer is built will have the structure XXX. 

The electrometric titration of the acidic and basic groups of the 
ribonucleic acid of yeast®*°* leads to the same conclusion, namely 
that the main internucleotide linkage is formed by a phospho-ester 
grouping. The structure of the acid, however, is not the same as there 
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is considerable evidence to suggest that the nucleic acid is composed 
of a branched chain. ALLEN and Erver*! were the first to observe that 
the titration curve indicated the presence of three amino groups and 
one group titrating in the range pH 5’0 to 7°5 which they regarded as a 
R 
CH 


CH, O 


CH—CHh—CH, 








XXX 


guanine, adenine, thymine or cytosine. 


Figure 6. ‘Titration curve of yeast 
ribonucleic acid J and of deaminated 
yeast ribonucleic acid JJ, Data of 
FLETCHER, GULLAND and JORDAN*. 








nH 
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primary phosphoric acid group which had been weakened by virtue 
of the ionization of the remaining phosphory] dissociations. FLETCHER, 
GULLAND and JorDAN™, who obtained titration curves very similar to 
those of ALLEN and ErLer (see Figure 6) interpreted their data as 
indicating the presence, in the ribonucleic acid, of three amino groups, 
one secondary phosphoric acid group, two —NH—CO— dissociations 
and three primary phosphoryl dissociations in each tetranucleotide. 
This conclusion was confirmed by these authors by titrating the 
deaminated acid (Figure 6). The removal of the amino groups permits 
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the direct titration of the primary phosphoryl groups and the titration 
curve indicates the presence of three primary phosphory! dissociations, 
one secondary phosphoryl dissociation, the —-NH—-CO— group of 
xanthosin titrating in the range pH 5,0 to 70 and having a pXq value” 
\ 
O fo) 
o Nn 


R — Ribose — O— P R — Ribose —O — P 


‘OH \ 
Oo Oo 
\ oO ‘ 
R — Ribose — O — P OH R — Ribose — O — P 
| °. es 
O R — Ribose —O—P Oo 
O y 
R — Ribose —-O— P- R — Ribose — O — P 


OH 
O O 


R — Ribose — 


R = guanine, adenine, uracil or cytosine. XXXII 


of 6°0, and three —NH—CO— dissociations titrating in the range 
pH 8:o to 12°0. These data suggest that three secondary and one 
primary phosphoric acid groups are utilized in yeast nucleic acid, 
for every tetranucleotide, in forming the internucleotide bond. This 
conclusion indicates that one in every four phosphorus atoms is triply 
esterified. On this basis two formulae (XXX/J and XXXII) for yeast 
ribonucleic acid may be postulated which differ in that YXX/// 
contains one triply esterified, one singly esterified and two doubly 
esterified sugar residues whereas XX X// contains only doubly esterified 
residues. Although these structures are not regarded by ZirrLe® as 
being in agreement with the results of the enzymatic degradation of 
yeast ribonucleic acid, the titration curves have been confirmed by 
CHANTRENNE* and by CHANTRENNE, LINDERSTROM-LANG and VANDEN- 
DRIESSCHE® who have interpreted their data in terms of the above 
formulae; further the pentosenucleic acid of the larvae of Calliphora 
erythrocephala yields a similar titration curve*®. The nucleic acid may 
not necessarily consist entirely of one or other of the structures YX XJ 
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and XXX//J but both forms may occur in the same polymer. However, 
the results of the methylation studies of BARKER and ANDERSON*’ 
indicate that after complete methylation the hydrolysis products 
contain ribose, monomethylribose and dimethylribose thus confirming 


4 


~ 














Figure 7. Variation of sedimentation constant with concentration of sodium 
deoxypentosenucleate. e data of Ceci, and Ocstron”; data of ATLAs and 
STERN®!; x data of TENNENT and VILBRANDT”. 


structure XXX/// but not ruling out structure YX X//. Furthermore, 


only one isomeric monomethylribose was found by partition chro- 


matography thus indicating that all the ester linkages are of the same 
type, joining either Cy and C} or C, and Cj, both types not occurring 
in one nucleic acid molecule. 

The absence of phosphamide groups in yeast ribonucleic acid is also 
suggested by the similarity of the diffusion coefficients of the nucleic 
acid and the deaminated nucleic acid**. However, it is to be appre- 
ciated that neither these data nor the electrometric titration data are 
sufficiently accurate to establish more than the predominating mode of 
linkage. Types of linkage that may occur at infrequent intervals, say 
every twenty nucleotides, in the polynucleotide chain would not be 
detected by titration and if a phospho-amide linkage, resistant to the 
method of deamination employed, was present, the molecular size would 
not be reduced on deamination and therefore would not influence the 
diffusion coefficient of the nucleic acid. 


Molecular weight 
The determination of the molecular weight of deoxypentosenucleic 
acids in the ultracentrifuge is complicated by a marked variation of 
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the sedimentation constant with concentration of the nucleic acid’? 2, 
This necessitates the extrapolation of the sedimentation data to obtain 
the value of the sedimentation constant at infinite dilution. Since the 
variation of the sedimentation constant with concentration (see 
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Figure 8. Variation of sedimen- 
tation constant of sodium deoxy- 
pentosenucleate with ionic strength. 
e data of Ceci, and OcstTon”’; 
o data of ATLAs and STERN”, 





Figure 7) is considerable at low concentrations this step may introduce 
considerable error. TENNENT and VILBRANDT”* 
rapid increase of sedimentation constant at low concentrations which 
did not permit extrapolation. This observation has not been confirmed 
by Ceci and Ocston® or by ATLAS and STERN”! whose data, as shown 


observed a particularly 


in Figure 7 are in close agreement and who give for $,) in 0°2 M sodium 
chloride the values at infinite dilution of 12°6 x 1o0°% and 13°2 « 10°8 
respectively. More recently KAHLER” and Ocstron™ have shown that 
the plot of 1 /S,,against concentration gives a linear trace thus facilitating 
the extrapolation and the value of $,) obtained by Ceci, and Ocsron 
has been revised to give 13°2 10°. The extrapolation of the diffusion 
constant data may be performed with the aid of Flory’s theory of the 


entropy of solutions of large particles to give a value’ between 0°55 
a 


and o°7 1077, The molecular weight may then be determined by 
combination of these data, and Ocston gives the value of a sample 
prepared by GuLLAND, JORDAN and THRELFALL” as lying between 1°o 
and 1°3 10°, 

The sedimentation constant of the sodium salt of deoxypentose- 
nucleic acid is also dependent on the ionic strength of the solution”! 
as shown in Figure 8. This is interpreted by ATLAs and STERN”! as 
indicating a change in the shape of the nucleate ion in the direction of 
a decrease in asymmetry as the ionic strength increases. 

In view of the probability that deoxypentosenucleic acid aggregates 
in solution to form ionic micelles having sizes dependent not only 
on the method of isolation of the nucleic acid but also on the pH, 
ionic strength and method of solution, the ‘molecular weight’ of the 
nucleic acid as at present determined cannot be a very significant 
quantity. It may well be that mild degradative procedures, such as 
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treatment with ionizing radiation, radiomimetic agents, heat and 
weak alkali or acid, produce a molecule which is much closer to 
that of the deoxypentosenucleic acid in the cell. Conway, GILBERT 
and Burier®? have shown that the action of x-rays and di-(2- 
chlorethyl)methylamine produce a four- to forty-fold decrease in the 


molecular weight. 

In view of the degradation which almost certainly occurs in the 
isolation of yeast nucleic acid, it is not surprising to find that the values 
of the molecular weight which have been recorded show considerable 
disagreement. The values between 1,360 and 1,700 obtained by 
MyrsaAck and Jorpes” in the presence of 1 per cent sodium chloride 
were regarded by them as indicating that this nucleic acid occurred in 
the cell as a tetranucleotide. ‘Their experimental technique and method 
of calculation has been strongly criticized by FLETCHER and JORDAN” 
who consider, on the basis of a re-evaluation of the data, that the 
molecular weight of the sample was near to 6,000. These authors, 
however, were almost certainly using a very degraded specimen since 
they report that it dissolved in solution at PH 3°2; at this pH value, 
yeast nucleic acid is generally precipitated from solution. Other values 
of the molecular weight of yeast nucleic acid preparations that have 
been recorded are 17,000 to 28,000”, 10,3007” and 10,280 to 23,250. 
All these values are open to the criticism that they have been calculated 
assuming a spherical molecule. ‘This is certainly not so and the recent 
data of DesrEux® indicate that the axial ratio, although dependent on 
the molecular weight, may be as high as 9: 1. The value of 50,000 
obtained by Drsrevux for fractions of ribose nucleic acid isolated from 
yeast and other cells is the highest so far recorded for non-virus ribo- 
nucleic acid. There is, however, no evidence to suggest that this is the 
molecular weight of an undegraded specimen. 

The highly polymerized ribonucleic acid obtained from tobacco 
mosaic virus has been studied by Conen and STaNLey”. The virus 
nucleic acid was prepared by heat denaturation of the virus, and the 
coagulated protein was then removed by centrifugation; the nucleic 
acid was not apparently isolated in the solid state. The nucleic acid 
so prepared had a molecular weight of between 1°5 and 2°9 x 10° but 
was inhomogeneous as it decomposed spontaneously to give a nucleic 
acid of molecular weight between 5'9 and 70 x 10* and of a much 
greater degree of homogeneity. A sample of the nucleic acid isolated by 
treatment of the virus with 5 per cent sodium hydroxide had a molecu- 
lar weight of 15,000 and was homogeneous. Owing to the somewhat 
drastic conditions employed in the preparation of this sample, COHEN 
and STANLEY considered that there was evidence for regarding this 
specimen as a fundamental unit from which the highly polymerized 
virus nucleic acid was built. 
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X-Ray studies of nucleic acids 

Electrometric titration and ultracentrifuge studies have shown that the 
nucleic acids possess a long chain structure and that the predominating 
internucleotide linkage is through a phospho-ester group. A more 
detailed understanding of the structure of the nucleic acids can be 
obtained from x-ray studies, although since high polymeric nucleic 


Figure 9. Orientation of nu- 
cleotide in nucleic acid, after 
FURBERG*. 


acids in the solid state are fibrous, the nature of the x-ray diffraction 
pattern obtained does not lend itself to precise analysis. 

AstBuRY*’ has pointed out that one of the most significant facts 
concerning the nucleic acids is their high density. On drying in a 
vacuum over phosphorus pentoxide the sodium salt of thymus deoxy- 
pentosenucleic acid and the ribonucleic acid from tobacco mosaic 
virus have densities of 1°63 and 1°65 gm/cm? respectively. On the 
assumption that the average area of the nucleotides is of the order of 
100 A? and that the nucleotides in the nucleic acid chain are packed 
one on top of the other, the effective thickness of each nucleotide may 
readily be calculated to be 3°1 A. This indicated that the distance 
between the nucleotides must be unusually small and suggests that the 
structure of nucleic acid in the fibre is not unlike that of graphite, 
where the flat networks are 3°4 A apart, and of ascorbic acid, the rings 
of which are only 3°16 A apart in the crystal and which has a density 
of 1°74 gm/cm?, 

The x-ray studies confirm these predictions, the most prominent 
reflection in the x-ray fibre photograph corresponding to a spacing 
along the fibre axis of 3°3, A”. Improved fibre photographs*’ also 
indicate that the nucleotide pattern is repeated along the axis of the 
molecule about every 27 A, a distance corresponding to eight nucleo- 
tides. 

The regular spacing at 3°3, A has been interpreted*”’” as indicating 
that the furanose ring in the nucleic acid is flat, or nearly so, and 
parallel to the plane of the purine or pyrimidine; these, because of 
their double bond structure, are planar. This interpretation must, 
however, be modified in view of the structure of the nucleosides which 
has now been established by FurBerG*!*>. In cytidine (see Figure 4) 
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it has been shown that the plane of the pyrimidine ring is not parallel 
but almost perpendicular to the furanose ring and it is very probable 
that similar structures obtain for the other nucleosides. FuRBERG* 
therefore proposes that in the nucleic acid the purines and the pyrimi- 
dines are nearly parallel to one another and presumably perpendicular 
to the axis of the molecule. If this be so the furanose rings will lie with 
the plane of the rings parallel to the axis of the molecule (Figure 9). 
However, the various ways of packing the nucleotides in the molecule 
still show a dominating spacing of about 3°4 A, as shown in Figure 10. 


Figure 10. Possible schemes for packing of nucleotides in deoxypentosenucleic 
acid, after FURBERG*». 


Although the fibre photographs obtained do not permit determi- 
nation of the dimensions of the unit cell, Asrpury*” considers that 
the perfection of the fibre diagram suggests that the four nucleo- 
tides are not distributed at random along the molecule but, at least in 
the more crystalline regions of the structure, follow some definite order. 

With the deoxypentosenucleic acids there is no doubt as to which 
carbon atoms are employed in the formation of the phospho-ester bond, 
since in d-2-deoxyribose C, is involved in the glycosidic link and there 
remain only C,; and C; between which the phospho-ester bond must 
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exist. In the ribonucleic acids, however, the C,, C, and C; atoms are 
available and it has long been assumed that it is the C, and C, atoms 
which are involved in the phospho-ester linkage”. AstBuRyY*’ has 
criticized this conclusion on the basis of his postulated structure in 
which the ribose rings were arranged parallel to each other. 


Behaviour of nucleic acids in solution 

Action of acid and alkali—Studies of macromolecular behaviour have 
been largely confined to the deoxypentosenucleic acids and in par- 
ticular to that of calf thymus, owing to the low molecular weight 
of the ribonucleic acids isolated by the methods at present available. 
The highly polymerized ribonucleic acid of tobacco mosaic virus has, 
however, been extensively studied. 

As pointed out above, the initial titration curve of the de oxypentose- 
nucleic acid of calf thymus is somewhat anomalous (see Figure 5) in 
that on the addition of acid or alkali to the solution in water no groups 
are titrated at first between fH 5’0 and 11’o, but outside these limits 
there occurs a rapid ionization®’ of groups titrating in the ranges 
pH 2°0 to 6’0 and fH g’0 to 12’0. The general shape of this titration 
curve and the difference between the forward and back titration curves 
has been confirmed by SIGNER and SCHWANDER”™, by PEAcOcKE and 
OvereND™ and by Coscrove and Jorpan™ for the deoxypentose- 
nucleic acids of lamb thymus and herring sperm. On back titration 
either with acid from pH 12°’0 or with alkali from pH 2°5 the same 
titration curve is obtained, suggesting that acid and alkali may have 
identical effects in liberating both sets of groups. The results of 
PEACOCKE and OvEeREND™ differ from those of GULLAND, JORDAN and 
TAyLorR® on this point, the former authors recording a difference in 
the two back titration curves in that the back titration curve from 
PH 2°5 follows curve // (Figure 5) up to pH 7 but thereafter lies midway 
between curves J and JJ and in some instances is very close to the 
initial titration curve J. Similarly, on back titration from pH 12°o the 
curve follows J to pH 7:o and then lies close to J. 

It has been suggested by GULLAND and JoRDAN'” that the mode of 
separation of the protein may influence the properties of the resulting 
nucleic acid and that it was possible that the anomalous titration curve 
obtained by them was that of an artefact and not characteristic of the 
nucleic acid in the cell. This possibility has been largely ruled out by 
the observations of CosGrove and JorpaAn'® who have separated 
nucleic acid from the nucleoprotein by three different methods and in 

each case obtained a titration curve similar to that shown in Figure 5. 
The titration data of SIGNER and SCHWANDER® confirm this conclusion. 

The rapid release of groups at pH 11°5 and in the range pH 3°5 

to 4°5 is accompanied by a marked fall in the viscosity and the 
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disappearance of streaming birefringence™ !* '®, This decrease in the 
viscosity on the addition of acid and alkali was considered by VIL- 
BRANDT and TENNENT!® to be caused by a depolymerization, which 
slowly reversed when the solution was returned to neutrality. The data 
of GULLAND, JORDAN and Taytor® show that such a depolymerization 
cannot involve the rupture of internucleotide phospho-ester linkages 
since there is no increase in the amount of secondary phosphoryl 
dissociation in the back titration curve and these authors considered 
two possibilities to explain the observed behaviour. It could be caused 
by easily hydrolysed radicals, hitherto unidentified in the breakdown 
products of the nucleic acid, which either substitute in the amino and 
the hydroxyl groups separately or form a bridge between them. Such 
radicals, if they exist, could not contain groups which are titrated in 
the pH range examined, since the back titration curve shows no 
liberation of such groups and furthermore the stability towards acid 
and alkali of the bonds involving the amino and the hydroxyl groups 
would have to be very similar; these restrictions are regarded as making 
this explanation of the observed behaviour improbable and it is there- 
fore postulated that the amino and hydroxyl groups are linked by 
hydrogen bonds in the original nucleic acid. As has been pointed out 
above when discussing the crystal structure of the purines, pyrimidines 
and nucleosides, hydrogen bonds are readily formed in these compounds 
in the solid state. In the nucleic acid, the large number of such bonds 
which is possible would give considerable stability to the untreated 
nucleic acid and in order to ionize the participating groups it may be 
necessary to break many of the hydrogen bonds simultaneously. The 
ionization would thus be shifted in the direction of higher hydrogen 
or hydroxyl ion concentrations as shown by the titration curve. 

It is not possible on the basis of the titration data alone to decide 
whether the hydrogen bonds unite nucleotides in the same or different 
chains. CREETH, GULLAND and JoRDAN'™, however, have studied the 
variation of the streaming birefringence and viscosity of solution of the 
sodium salt of deoxyribonucleic acid at different pH values and their 
data indicate that the addition of acid or alkali to the solution of the 
sodium salt at fH 7°0 produces a marked decrease in the asymmetry of 
the molecule. The viscosity curve against fH (Figure 11) shows a 
remarkable similarity with the titration data (Figure 5) in that there is 
no change in the viscosity of the solutions in the range pH 5°4 to 11°0, 
the viscosity remaining very high and exhibiting a marked dependence 
on the rate of shear. Outside these limits, which correspond to the 
commencement of ionization, the viscosity falls rapidly to relatively 
low values and also shows no dependence on the rate of shear. Evidence 
that the actions of acid and alkali on the original nucleic acid are 
closely related is obtained by plotting the relative viscosity against the 
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equivalent of acid and alkali added; as is shown in Figure 12, the 
acid and alkali points fall on the same curve. 

The reductions in the viscosity and streaming birefringence may be 
explained by postulating the rupture of hydrogen bonds between 
adjacent chains although it is conceivable that a rolling up of a single 
polynucleotide chain could occur following fission of hydrogen bonds 
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Figure 11. Variation of viscosity of 
solutions of sodium deoxypentose- 
nucleate with pH. Data of Creetn, 
GuLLAND and JorpaAn'. J 3,000 
dyne/cm?, IJ 8,000 dyne/cm?. 
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Figure 12. Variation of viscosity 

with equivalents of acid e and base 

o added. Data of CREETH, GULLAND 

and JorpAN'™ and GuULLAND, JORDAN 
and TAayLor®. 


between the nucleotides in that chain. The sedimentation data of 
Ceci: and Ocsron*’, although not conclusive on this point, suggest 
that alkali breaks the nucleic acid down into smaller units. These units 
would be held together by hydrogen bonds in the original nucleic acid. 

A similar reduction in viscosity and liberation of ionizable groups 
to that produced by acid and alkali occurs on heating solutions of 
deoxypentosenucleic acid at temperatures above 80° C for five to ten 
minutes’, It is believed that the degradation follows a similar course 
to that described for the action of acid and alkali. 
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On permitting solutions of deoxypentosenucleic acid which have 
been treated at pH 12°0 to stand at pH 7’o for about 100 hours, it is 
found that the viscosity gradually increases to about the original 
value!™, The anomalous titration curve, however, is not re-obtained 
although there is a slight difference between the forward and back 
titration curves in the titration with alkali’. It would appear that this 
process is not a true re -poly merization but is an aggregation to form a 
gel-like structure’. 

The variation of the electrophoretic mobility of the deoxypentose- 
nucleate ion with fH has been studied by SrENHAGEN and TEORELL” 
over the pH range 2°5 to 10°0 and by CREETH, JORDAN and GuLLAND!” 
over the fH range 2°5 to 12°0. The deoxypentosenucleic acid gives a 
very sharp boundary and the variation of the mobility with pH indicates 
that the mobility is largely dependent on the acid-base characteristics. 
There is, however, no difference between the mobilities of the normal 
and alkali treated samples in the region of pH 10°o similar to the 
discrepancy in this region of the forward and back titration curves, 
thus indicating that the factors which determine the mobility of the 
less asymmetric particles, considered to be produced by this change, 
are similar to those previously operative in the original aggregates. 

A more detailed interpretation of the back titration curve of deoxy- 
pentosenucleic acid has been attempted by Jorpan'® on the basis of 
the theory of polymeric electrolytes. The intrinsic pAq values of the 
various groups in the polynucleotide will be those of the nucleosides 
since the formation of the polymer is unlikely to change the ionization 
of these groups by induction effects within the molecule. We have 
already considered the effect of the introduction of the charged phos- 
phoric acid groups into the nucleoside on the pXq values of the groups 
already present. In the polynucleotide there are two effects which will 
change the ionization of a particular group within the nucleotide. First 
the influence of the charged groups other than those groups being 
titrated, the effect of these will be constant, and second there is the 
increasing charge on the ion due to the ionization of the group being 
titrated. The second effect has been studied for relatively simple high 
polymeric systems by KarcHatsky and Gixuis'!” and OverBeEEK"”, 
The titration curve of polymeric acids differs from that of an analogous 
low molecular weight acid in that the titration curve is less steep (p Has 
abscissa and degree of ionization as ordinate, as in Figure 5) and may, 
for dilute solutions, be described by the formula 

; l—a 
pH = pK — n log 
a 
where a is the degree of ionization and n and pK are constants charac- 
teristic of the polymer but independent of chain length. Calculation of 
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pk gives for simple polymeric acids, such as polymethacrylic acid, a 
value in agreement with that of the monomer. For nucleic acids this is 
not so and the calculation for the —NH—CO — dissociations gives a 
pKa value higher than that of the nucleoside or of the nucleotide. This 
will be due to the first effect mentioned above, namely the influence of 
the charged phosphoryl] dissociations. 


Influence of ionic strength—It has long been known that the viscosity of 
solutions of deoxypentosenucleic acid are decreased by the addition of 
electrolyte and GREENSTEIN and JENRETTE!!! suggested that a reversible 
depolymerization process was involved. Titration of the sodium salt of 
deoxypentosenucleic acid in 1°0 M potassium chloride and in 2°53 M 
guanidine sulphate® has shown that the changes in viscosity which 
occur bear no relation to the irreversible change which takes place on 
the addition of acid or alkali, since the discrepancy between the forward 
and back titration curves still exists in the presence of these electrolytes. 
The lowering of the viscosity thus involves a different type of physico- 
chemical change to that occurring on treatment with acid or alkali 
and the observation of OsTER!" that the molecular weight as determined 
by light-scattering measurements is independent of electrolyte concen- 
tration up to 0°2 M confirms this view. The data of CREETH, GULLAND 
and JorDAN', of SicGNER and ScHWANDER”® and of VALLET and 
SCHWANDER!)3 show that the influence of electrolyte is very marked at 
low concentrations, the relative viscosity falling from 116 in aqueous 
solution (nucleic acid concentration 0°243 per cent; applied pressure 
8,000 dyne/cm?) to a value of 31 in o’o1 M sodium chloride solution'™ 
The decrease in viscosity is accompanied by only small decreases in 
the dependence of the viscosity on the rate of shear and in the streaming 
birefringence! !'!-"4 thus indicating that the change in the molecular 
asymmetry is not great. 

The behaviour of the nucleic acids on the addition of electrolyte 
may be compared to similar effects observed with synthetic polymeric 
electrolytes!!*!"", which may be qualitatively explained on rei as- 
sumption that the polymer in aqueous solution is maintained in a 
stretched condition by the repulsive forces existing between the charge vie 
groups of a single molecule. On addition of electrolyte these forces are 
reduced and the molecule assumes a random coiled form. This inter- 
pretation as applied to nucleic acids'® satisfactorily explains the 
viscosity data and is in agreement with the sedimentation data of 
ATLAS and STERN*”!, but it is not yet certain whether the asymmetry of 
the random coiled form is sufficient to produce the observed streaming 
birefringence. 

That the behaviour of the nucleic acids is not entirely analogous 
to that of the simpler polymeric electrolytes is shown by the data of 
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CoscGrove and Jorpan'® which indicate that the plot of ys/C against 
C, where sp is the specific viscosity and C’ is the concentration of 
nucleic acid, does not become linear even in the presence of 4 M sodium 
chloride at pressures at which the viscosity is independent of the rate 
of shear. Furthermore, the charge on the nucleate ion increases with 
increasing ionic strength''* and at an ionic strength of 0°005 the charge 
on the ion is 550e compared with the calculated value of 2,664e. This 
observation although made with a concentrated solution of the nucleate 
ion (0°6 per cent) serves to indicate that the effective charge, and 
therefore the repulsion between the ionized groups, is reduced by the 
adsorption of gegenions at these, and probably also at lower, concen- 


trations. 


Shape of nucleate ton in solutton—It will be clear, from the above 
discussion, that the deoxypentosenucleate ion possesses a highly asym- 
metric structure; the magnitude of this asymmetry may be deter- 
mined by calculating the axial ratio from either viscosity™'!? or sedi- 
mentation data®*?*, It is not to be anticipated, in view of the 
assumptions necessary in such calculations, that the values will be in 
close agreement or particularly accurate’. The results obtained show 
a variation from 120 to 400 and since both different methods and 
different samples have been employed the variation in the values is not 
to be regarded as being unduly large. Further evidence for the high 
asymmetry is shown by the high streaming birefringence observed by 
SCHWANDER and Cerrr'”!, 

The axial ratios of ribose nucleic acids have been obtained by 
Desreux® for various fractions of yeast nucleic acid. For a fraction of 
molecular weight 50,000 the axial ratio was g, but with fractions of 
lower molecular weight this was decreased considerably. The highly 
polymerized ribosenucleic acid isolated by CoHEN and STANLEY”™ from 
tobacco mosaic virus had an axial ratio of 27. 

The light-scattering data of OsrEr'” on solutions of the sodium salt 
of deoxypentosenucleic acid also indicate that the deoxypentose- 
nucleate ion is rod-shaped and viscosity measurements on the same 
specimen are in accord with the light-scattering results, if it be assumed 
that the diameter of the particle is 40 A. This value appears to be 
somewhat large, but it is in agreement with the electron micrographs 
of OsTER and Nixon!” which show that the nucleic acid particles are 
fibres with a diameter of approximately 50 A. 

The dielectric properties of the deoxypentosenucleic acids have been 
studied by JuUNGNER'’™, JUNGNER, JUNGNER and ALLGEN™ and_ by 
JuncneR™. The molecular weight of a thread-like molecule with a 
permanent dipole moment such as deoxypentosenucleic acid may be 
calculated from the anomalous dispersion of the dielectric constant. 
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The values of the molecular weight so obtained are somewhat lower 
than those obtained by ultracentrifuge and light-scattering methods, 


being in the range 1 to 6 x 10°. Also in contrast to the light-scattering 
results, is the observation from dielectric measurements that the molecu- 
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Figure 13. Diagrammatic representation of possible changes in shape of deoxy- 
pentosenucleic acid molecule after addition of various reagents. 


lar weight decreases considerably to a value of 35,000 on the addition 
of electrolyte. This behaviour is interpreted as indicating a reversible 
disaggregation rather than the coiling process described above to 
explain the influence of electrolytes on the viscosity. Although these 
measurements show little agreement with other data, these authors!* 
have emphasized the influence of loose aggregates, of the type normally 
found in solutions of colloidal electrolytes, on the behaviour of nucleic 
acids in solution. 

Rivey and Oster’ have studied the wide-angle x-ray scattering of 
solutions of the sodium salt of deoxypentosenucleic acid. At low con- 
centrations only small-angle scattering is observed, but there are 
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three distinct regions of diffraction at concentrations greater than 
5 per cent. The data have been interpreted as indicating that the 
molecules are cylinders, 46 A in diameter, formed by the coiling of 
the polynucleotide chain. This interpretation does not agree with the 
viscosity data described above, which suggests that the molecules are 
stretched in solutions not containing electrolyte. However, at the high 
concentrations employed the solutions possess the characteristics of a 
gel and since they show marked domain birefringence are really liquid 
crystals. Under these conditions it is not to be expected that the mole- 
cules shall possess the same shape as in dilute solutions. 

It will be evident from the experimental data considered here that 
probably three types of bond exist in the nucleic acid micelle. First, the 
covalent bond between the nucleotides which is only broken by acid 
and alkali and which is more resistant to attack by these reagents in the 
deoxypentosenucleic acids than in the ribonucleic acids. Secondly, the 
hydrogen bonds which probably join nucleotides in the same and 
adjacent polynucleotide chains and which are broken by acid and 
alkali and by heating to yield smaller polymer units. Thirdly, van der 
Waals forces responsible for the aggregation of the nucleate ions in 
solution, such aggregation being dependent on the prevailing con- 
ditions. In addition, the repulsive forces between the charged groups 
determine the extent of coiling in the polymer chain. 

The changes which occur in the macromolecule on treatment with 
various reagents are shown diagrammatically in Figure 13'%. The 
ideas put forward in this diagram are very speculative but do appear 
to fit much of the experimental data described above. 


Spectra of nucleic acids, nucleosides and nucleotides 

The nucleic acids have a very high selective adsorption in the ultra- 
violet at 2,600 A, which is caused by the adsorption of the purines and 
pyrimidines. JORDAN’ has obtained the spectra of adenosin, guanosin 
and the corresponding nucleotides and PLoEsER and Lorinc!”® have 
obtained similar data for cytidine and uridin and the corresponding 
nucleotides. The adsorption spectra of thymine deoxyriboside has been 
obtained by Stimson and REuteR"™. 

The infra-red absorption spectra of the nucleosides, nucleotides and 
nucleic acids have been investigated by BLiour and Fiexps'*°. The 
spectra of ribonucleic acid and deoxypentosenucleic acid are very 
similar; for example, strong absorptions are found at 3 yu, which are 
probably due to the amino and hydroxy] stretching vibrations, at 6 u 
which are characteristic for the stretching of the C=C, C=N and 
C=O bonds and also at 8 w and g‘2 uv. Differences between the 
spectra of the two substances lie mainly at wavelengths longer than 9 pu. 
A detailed analysis of these spectra, however, has not yet been made. 
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PHYSICAL PRINCIPLES 
UNDERLYING THE CLINICAL USE 
OF RADIOACTIVE ISOTOPES 


W.K. Sinclair and L. F. Lamerton 


THE short time for which radioactive isotopes have been available for 
clinical use is certainly not sufficient for any estimate to be made of 
their ultimate value in medicine. In fact, it is true to say that even an 
exploration of their possibilities has only just been begun. In so far as 
the clinical possibilities are concerned radioactive isotopes are in the 
position that x-rays and radium occupied soon after their discovery, 
but with the important difference that whereas in the early days of 
x-rays and radium little was known of the dangers inherent in their 
use we have now a considerable experience of radiation effects to guide 
of precaution necessary to safeguard both patient and 


us in the type 
operator. 
The present use of radioactive isotopes in clinical work can be classed 


under two main headings. There is first the use of discrete sources of 
radioactive isotopes essentially in the same way as radium or x-rays to 
provide radiation for the treatment of various diseased conditions. The 
physical problems here are many but reasonably well defined. Enough 
is known of the biological effects of y- and 6-rays of different energies 
from discrete sources to make it extremely improbable that unforeseen 
effects of great importance will yorran The main physical problems 
are related to the measurement of the radiation and to the dosage 
distribution in tissue. The second method of use of radioactive isotopes 
is by introduction into the patient, by oral administration or injection, 
in order either that information may be obtained to help in the 
diagnosis of particular conditions or that diseased tissues can be 
irradiated from within. 

Where a radioactive isotope is being used diagnostically or thera- 
peutically an essential physical problem will be study of the distri- 
bution of the isotope within the body. This problem of ascertaining the 
distribution of radioactive isotope inside the body by measurements 
made outside the body is further complicated by the fact that the 
distribution will in general be changing with time and sometimes very 
quickly. 

Always in the therapeutic use of radioactive isotopes and frequently 
in their diagnostic use it will also be necessary to make an estimate of 
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the dose of radiation received by the various tissues. Since past ex- 
perience of the clinical effects of radiation has been obtained in work 
with x- and y-rays it is clearly very desirable that ‘dose’ should be 
expressed where possible in the same manner in isotope therapy as in 
therapy with x- and y-radiations. This raises a number of fundamental 
physical problems. 

In x- and y-ray therapy ‘dose’ is normally expressed in terms of 
‘rontgens’, the definition of this unit being as follows: ‘The réntgen 
shall be that quantity of x- or y-radiation such that the associated 
corpuscular emission per 0°001293 gm of air produces, in air, ions 
carrying one electrostatic unit of quantity of electricity of either sign’. 

The usual way of measuring dose in réntgens is to determine the 
ionization produced in an ‘air-wall’ ionization chamber. In such a 
chamber the wall must have the same effective atomic number as air 
and must have a thickness comparable with the range of the secondary 
electrons produced in it. The chamber must also be sufficiently small 
for there to be no appreciable variation of intensity across its volume. 
It is generally recognized that the réntgen is not the ideal unit of 
dosage. The quantity aimed at is in fact the energy absorption in the 
tissues at the point of interest. Over a certain range of conditions the 
dose in réntgens gives a reasonably good measure of energy absorption 
but it breaks down when, for instance, the absorption is taking place 
not in soft tissue but in a material such as bone. The réntgen is also 
inadequate for dealing with conditions at surfaces and at interfaces and 
particularly so for the shorter wavelength radiations where the path 
length of the liberated electrons is greater than a fraction of a milli- 
metre. 

It is likely that eventually the energy absorption unit, erg/gm, will 
become the basic unit of dose for all radiations, but for some time yet 
the réntgen will certainly be used for ionizing electromagnetic radi- 
ations of quantum energy below 3 Mev or so. For particulate radiations, 
including 8-rays, the energy absorption unit is certainly the more 
valuable of the dosage units. 

Now all the isotopes at present of clinical interest are $-emitters and 
only some are also y-emitters. Consequently, one is dealing either with 
a pure 8-emitter such as P”, or with a mixed 8- and y-emitter such as 
I'3!. When the isotope is used internally the 6-component is often the 
most significant biologically. 

The measurements made on a given sample of radioactive isotope 
prior to its clinical use will be carried out either with a counter alone, 
or with an ionization chamber alone, or sometimes with both. The 
counter measurements will in general lead to the number of 6-particles 
emitted and thus to the disintegration rate and activity of the sample 


(activity being measured in ‘curies’ or ‘millicuries’, the curie being the 
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activity of a sample undergoing 3°7 x 10!° disintegrations per second). 

Ionization chamber measurements will normally be concerned with 
the measurement in réntgens of the y-component for, although similar 
measurements of the 8-component can be made, they are not easily 
adapted for routine use. 


Relationship between dose and activity 
A relationship that is clearly of the greatest importance is that between 
the activity of the source, that is, its absolute disintegration rate, and 
the dose in réntgens of the y-component measured at a given distance 
from the source. MAyneorp! has defined a factor k for a given isotope 
as the dosage-rate in réntgens per hour at 1 cm from a point source of 
activity 1 millicurie (mc, im vacuo). 
Obviously therefore k = J/Ey where /is the intensity of the radiation at 
1cm from a point source and Ff is the energy flux in erg/cm? per réntgen. 
Since the energy absorbed in 1 gm of air is 84 erg when the dose is 
1 rontgen, the following relation will hold 


EX (og, +1+ 2) = 84 erg rene ae 


where o, = real energy absorption coefficient due to Compton effect 
t = real energy absorption coefficient due to photoelectric 
effect 
zx == real energy absorption coefficient due to pair production 
effect. 
o, + t + a represents the total fraction of incident radiation which is 
transformed into electronic motion and is available for ionization. If 
the absorption coefficients are known Ff is calculable for various radi- 
ation energies and this has in fact been the subject of a particular study 
by Mayneorp!, 
The intensity J of radiation at 1 cm from a point source of y-emitter 
of 1 mc is given (in vacuo) by 
I= 1/42 x 3:7 x 10’ x 3600 x E, x 1°59 x 10° erg/cm?/hr 
é 
= 1°685 x 10° x E, 
é 
for quanta of energy Ey (Mev) assuming one quantum per disinte- 
gration. 
Therefore k = 1/ Ep= 1°685 x 10* x E,,/E¢ 
= 1°685 x 10*/84 x E, x (og +1t+2) 
eae . / Y , ] \ 
= 200°5 x E,, x (og + t+ 2) 
kis therefore directly proportional to the product of the total absorption 
coefficient per gram and the quantum energy, and may therefore be 
expected to increase with energy. A graph of k against quantum energy 
calculated by MAyYNEoRD is shown (Figure 1). 
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It should be noted that the value of k is expressed per disintegration 
and therefore for quanta in cascade the value of & is the sum of the 
values for the separate quanta, while for alternative transitions the 
component k values must be weighted according to the relative proba- 
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bility of emission of each line. A knowledge of the mode of disinte- 
gration and the energy of the components of an isotope is therefore 
necessary in order to express the activity of a source in curies from 
measurements of the quantum dosage-rate at a point. It is usual in 
making ionization measurements with sensitive DC amplifiers, or with 
electrometers, to use radium as a standard, knowing that & for radium 
has the value 8°3 r/hr per mc at 1 cm. Table I gives values of & for 
different y-ray emitters. 

Although in complex disintegration schemes, about which there is 
often considerable doubt, it is not possible to state a definite value of 
k, a number of alternative values can often be deduced between which 
a choice may be made by §-particle measurements. 

It is clear from the above considerations that the mere statement of 
the activity, in millicuries or curies, of a sample of an isotope will give 
no indication of its clinical effectiveness when used in any given way, 
unless at the same time the mode and type of disintegration of the 
isotope and other physical constants relating to it are known. 


MEASUREMENT OF SOURCE ACTIVITY 


Ionization chambers 

For the measurement of the dose in réntgens from the y-components of 
the radiation the systems used will in general be similar to those de- 
veloped for use with x- and y-rays, though the sensitivity may have to 
be somewhat higher. An ‘air-wall’ ionization chamber will be employed 
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and the ionization current led to some form of sensitive DC amplifier, 
often of the balanced electrometer tube type, where high gains are 
obtainable. 

These measurements will give the dose in ‘réntgens’ directly for y- 


Table I. Values of k for Various Emitters 





Isotope Approximate mean y-energy Estimated k (r/hr per me at 1 cm) 





CCN NN 


YOO OO OI 





* Denotes values which are unlikely to be in error by more than about 3 per cent. 


radiation, whichcan be used to determine the absolute disintegration rate 
of the source, if the appropriate / factor is known, as describe dabove. 

For ionization chamber measurements with the 8-components of the 
radiation the difficulties are much greater because of the much higher 
absorption of the electrons in the walls of the ionization chamber. 
Gray? has studied the ionization in air produced by the 8-components 
from Co®, P*?, I'3! and Na* by using an ionization chamber having a 
gelatin lining in which the isotope was distributed uniformly. The 
deviations of this chamber from the ideal ‘cavity’ chamber are clearly 
pointed out and corrected for. The values obtained in this way for the 
energy flux agree well with the values estimated from direct measure- 
ments of the disintegration rates from these isotopes, assuming the 
mean energy of the $-radiation. 


Geiger-Miiller counters 

At present the most widely used counting method of determining 
absolute disintegration rates is the $-y coincidence method?. These 
measurements are carried out using a 8- and a y-counter with electronic 
circuits capable of high resolution. If an isotope emits a §-particle 
followed by a single y-ray, between which there is no angular corre- 
lation, a simple analysis may be made. If ¢, is the overall efficiency of 
-particles in the $-counter (including geometry) and «, is the overall 
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efficiency of the y-rays in the y-counter, then the 
y-count C’, are given by 


Ca= Ne, C, = Ne, 
B B 4 4 


8-count C, and the 


where WN is the disintegration rate of the sample, and the coincidence 
count Cpy = Neg Ey. Thus EB, Ey and V may each be evaluated, since 
N = Cp C,,/ Cp, ® 

In practice a large number of corrections and rather long counting 
times are necessary in order to obtain accurate values of C;,. This is a 
serious difficulty in the standardization of short-lived materials. ‘The 
situation is further complicated if more than one $-ray and one y-ray 
occur per disintegration, and also by the fact that occasionally angular 
correlation between the $- and y-rays has been observed. It is possible, 
however, to obtain under the best conditions an accuracy as high as 
one per cent. Coincidence methods are, however, as dependent on a 
knowledge of the disintegration schemes as y-ionization methods, al- 
thoughitis often possible to obtain a great deal of information about these 
schemes from the observation of 8-y coincidences and y-y coincidences. 

It is not always convenient and practicable to use coincidence 
methods of counting and therefore it is necessary to know how far an 
absolute determination of counting rate can be made from measure- 
ments obtained with single y- or $-ray counters. 


y-ray counters 
Counts are recorded in a y-counter by virtue of the secondary electrons 
produced in the wall, the mechanism of production depending on the 
absorption coefficients o,, tT and z, in the same way as for ionization 
chambers. The difference between the two recording mechanisms lies 
in the fact that while the ionization chamber records that fraction of 
the energy of the beam which is absorbed in its volume, the counter 
records a fraction of the number of quanta passing through it. It should 
be possible therefore to calculate from the absorption coefficients values 
of the intrinsic efficiency ¢ in a metal cathode counter where « is de- 
fined as the number of counts recorded per incident quantum. Calcu- 
lations of e as a function of energy have been made by a number of 
authors, particularly Marty‘, and experimental measurements based on 
coincidence standardizations have also been made*®. Curves of ¢ as a 
function ofenergy fora number ofcathode materials are shown in Figure 2. 
Assuming that an isotope has quanta of known energy Ey,, Ey, ete in 
cascade, the activity of a source is given by 
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= true counting rate 
Ey, + &y, + .... = efficiency per disintegration 
a geometrical factor = a/4nd? 
- effective area 
- absorption factor for wall and source. 
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The counting rate C should be referred to the threshold voltage of 
the counter on the assumption that the slope of the Geiger-Miiller 
plateau is due to spurious pulses, although a small error may be in- 
volved in making this assumption. 

The greatest difficulty in making absolute measurements with the 
+-counter lies in the determination of the effective area a of the counter. 
For a cylindrical counter it would be necessary to eliminate end effects 
entirely in order to make a geometrical estimate based on the length 
and diameter. It is usually necessary to make measurements of the 
variation in sensitivity along the axis of these counters and allow for 
this in the determination of the effective area. 

In practice it is doubtful if such measurements can be relied upon to 
better than 5 per cent and frequently the error may be larger. 


6-counters 

The measurement of $-disintegration rates by 8-counting is the most 
fundamental of all absolute source activity measurements. In practice 
the ease with which {-scattering and absorption take place severely 
limits the accuracy of such measurements. The ideal method would be 
one in which (-particles were counted in a solid angle of 4% and at- 
tempts at constructing a successful ‘4m’ counter have been many. 
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Usually the angle is not quite 4x and is difficult to determine exactly. 
The most successful attempt appears to be that of CoHEN’ but no 
comparisons with other methods have been published and it is there- 
fore difficult to assess the degree of success*. 

A much more popular method has been to count the $-particles 
emitted within a defined solid angle which is usually quite small. This 
method inherently requires that the radiation emitted be isotropic or at 
least that only those particles within the solid angle defined are counted. 
‘Two methods have been used. 

The first, which is not inherently absolute, but is widely used in the 
United States of America®’, employs an end window counter without 
a diaphragm and the geometry is calibrated using Rak standards 
prepared on the basis of «-particle counting, and standards of other 
isotopes usually based on coincidence methods. The arrangement may 
then be used for pure $-emitters with appropriate allowances for 
differences in scattering and absorption. 

In the other method!” 
define the solid angle and the arrangement may therefore be absolute. 
In practice it is necessary, in order to avoid diaphragm scatter effects, 
to use distances of the order of 2 cm or more and the corrections for air 
absorption and scatter may then become large, especially for low energy 
6-emitters. These effects may be reduced by using demountable counters 
in which no end window is used and the space between source and 
counter is filled with the counter gas, or alternatively a thin end window 
is used and the space between source and counter is evacuated. Al- 
though the corrections are smaller it is not usually possible to make 


, a diaphragm is used over the end window to 


them as accurately. 

It is necessary in making these measurements to use special source 
mounts to avoid back-scatter of the 8-particles. Mounts of nylon, poly- 
styrene, and formvar of the order of a few ug /cm? have been used for this 
purpose. A peculiar difficulty with such exposed sources is that evapora- 
tion may easily occur, especially with I'*! in the form!! of sodium iodide 
and C'* in the form” of barium carbonate, with the result that measure- 


ments over a period of time do not follow the normal decay of the isotope. 

These measurements are especially difficult with very low energy 
8-emitters such as S**, C'* and H?, and it must be admitted that at 
present solid angle methods with $-counters are not very satisfactory for 


the measurement of absolute disintegration rates. 


Scintillation counting for y-rays 

A technique which has been very extensively developed in recent years 
and is now capable of considerable precision is that of scintillation 
* Since this text was written several types of 42% counters have been developed tn the United States of America , 
Canada and Great Britain. 
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counting. Originally used for «-particle counting, the development of 
the electron multiplier and fast recording circuits has made it possible 
to study the scintillations produced in crystals by $- and y-rays. The 
chief interest lies in the y-method where the intrinsic efficiency is con- 
siderably higher than for a Geiger-Miiller counter’. In §-particle 
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counting this advantage does not apply, since for both scintillation 
counters and Geiger-Miiller counters the efficiency approaches 100 per 
cent. Much smaller measuring volumes are however possible with the 
scintillation counter. 

The principles of production of secondary electrons in a crystal are 
similar to the production of secondary electrons in Geiger-Miiller 
counters and ionization chambers, but in the scintillation counter a 
light pulse may be produced by each secondary electron. It is evident 
that if the optical conditions were ideal and the recording system suf- 
ficiently sensitive an infinitely thick crystal could be used and all the 
quanta incident on the crystal face would be recorded. The decline in 
optical transmission with thickness of the crystal limits its size to an 
optimum value. In practice relatively small crystals are used and 
Figures 3 and 4 show plots of the intrinsic efficiency for two types of 
crystal and for different crystal thicknesses as a function of energy. The 
curves may be compared with those for the Geiger-Miiller counter 
(Figure 2.) It is apparent that there is a considerable improvement over 
the Geiger-Miiller counter with calcium tungstate crystals at high 
energies but at low energies the greater efficiency is most pronounced 
and may be greater by a factor of nearly 50. The difference between 
the two crystals calcium tungstate and potassium iodide is that while in 
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the former only fluorescence is observed, in the latter phosphorescence 
takes place as well’. 

Using the curves of Figures 3 and 4 giving the relation between effi- 
ciency and quantum energy, measurements of source activity may be 
made in the same way as for Geiger-Miiller counters. 
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An important point in connection with scintillation counting is that 
the pulse amplitude is a function of the energy of the secondary elec- 
trons produced and therefore depends on the energy of the exciting y- 
quantum. It is thus possible to discriminate for pulses of different 
amplitude and a measure of the energy may be obtained. ‘The instrument 
therefore functions as a spectrometer’. For absolute measurements, 
since all the pulses are required to be counted, low discrimina- 
tion is used. Under these circumstances background pulses in the 
multiplier become a serious problem and cooling with liquid nitrogen 
is necessary to reduce their number. In any practical instrument some 
discrimination is used and the use of liquid nitrogen may be avoided. 
At the present time it appears that an accuracy of about 5 per cent is 
obtainable in absolute measurements but it is probable that this method 


is capable of further refinement. 


Calorimetric measurements 

The measurement of radiation by virtue of the energy absorbed in the 
form of heat has been recognized as a possibility since the work of 
Curie and Lazporpbe in 1903'°. In 1927 Exxis and Wooster" using a 
calorimeter measured the emission of $-energy from RaE. A more 
recent method using an isothermal calorimeter and employing the rate 
of evaporation of liquid nitrogen has been used to determine the emission 
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of energy from $-emitters like P**. With the calorimetric method, 
it is of course energy flux that is measured and allowance must be made 
for the loss due to Bremsstrahlung. It appears that an accuracy of 2 or 3 
per cent is possible with this method and it forms a very useful alterna- 
tive to ionization methods for energy absorption. 


Measurement of total charge of 8-particles 

A quite independent method investigated recently'*9 is that of deter- 
mining the total charge emitted from a §-active source. The source is 
mounted on an insulator at the centre of an evacuated chamber and 
the charge measured as the particles are absorbed on to the walls. 
Several corrections are necessary but an accuracy of 5 per cent or so is 
obtainable, and the method may become of considerable value. 


Substandards 

The absolute determination of the activity of radioactive samples may 
often be a tedious and elaborate procedure and it would be unneces- 
sary to repeat such measurements for every sample ifa standard of each 
isotope could be maintained for comparison purposes over long periods. 
Because of the short half-lives of many isotopes it is not possible to keep 
standards except with a few such as Co® (half-life 5°3 years) and Ra” 
(half-life 1,600 years). In practice it is much simpler to maintain 
substandard instruments calibrated by absolute methods, the perform- 
ance of which is checked by using radium. 

The wide range of 8- and y-emissions from radioactive isotopes and 
the range of activities used in medicine alone (from less than oor uc to 
more than 1 c) require a considerable diversity of substandard instru- 
ments for rapid routine measurement of samples. The design of these 
instruments may differ widely according to the type of source most 
frequently used. The general requirements of such instruments may 
however be stated. 

r Their performance should be reliable and checked from time to time 
with suitable long-lived standards. 

The geometrical conditions of measurement should be quickly and 

accurately reproducible. 

The measurement should be capable of quick performance and easy 

interpretation. 

The instrument should cover adequately the range of activities it is 

desired to measure. 

If high activities are to be measured means should be provided to 


protect the operator from over exposure to radiation during the 


course of the measurement. 
It is not proposed to discuss all the types of substandard instruments 


that are in use but a brief reference to some examples which are of 
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the widest application in clinical and biological work will be made. 

Probably the most universally used substandard instrument for meas- 
uring the 8- or y-activity of liquids is the liquid counter, one useful form of 
which was designed by VEALL”’. The counter provides fixed geometrical 
conditions for the measurement of 10 ml volumes of solution. Liquid 
counters are most suitable for measuring solutions of the order of 0°005 
to 0°05 uc/ml although amounts of as low as 10° uc/ml of some isotopes 
may be detected. While eminently suitable for tracer studies and some 
diagnostic work very high dilutions (of the order of 10°) may be neces- 
sary if solutions for therapeutic use are to be measured in this way. For 
therapeutic purposes other methods are sometimes preferable. 

The problem of substandard measurement of y-emitting solids and 
solutions may very easily be solved by maintaining a calibrated ar- 
rangement of a Geiger-Miiller counter or ionization chamber. With an 
optical bench arrangement activities within the range o*Iug to 50 mg 
of radium equivalent are easily measured on a calibrated Geiger- 
Miiller counter, while ionization instruments measuring from 10 ug 
upwards are also simple to construct. 

For the rapid measurement of therapeutic samples under good pro- 
tection conditions a useful type of instrument is one in which the source 
is placed in a cavity surrounded by a cylindrical ionizing volume, which 
is itself in a lead block. If measurements are to be made over a range of 
y-ray energies it is an advantage to have the interior wall of the ionizing 
volume made of lead, since the ionization produced per millicurie in 
such a cavity over the y-ray region is more nearly constant than if the 
wall material is of low atomic number. A substandard instrument of 
this type is illustrated in Figure 5. 

The development of an equivalent arrangement of comparable ac- 
curacy for pure $-emitters is a much more difficult matter. Attempts 
have been made to use the Bremsstrahlung from P* for the rapid routine 
measurement of samples”', some workers employing a pressure ioniza- 
tion chamber for this purpose. 


Measurement of 8- and y-energies 

Apart from source activity the quantities of most importance in biolo- 
gical and medical work are the effective 8- and y-energies of the 
radiations emitted. The detailed spectral emission of complex isotope 
disintegration schemes is not of general interest but it is usually im- 


portant to have some knowledge of the mean 6- and y-energies. 

Probably the most convenient method of determining these energies 
is by the measurement of absorption curves in suitable materials under 
defined geometrical conditions. One simple way of expressing vari- 
ations of absorption with energy is in the form of ‘half thickness’ or 
‘half-value layer’ 
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For y-radiation lead is the most convenient material to use since the 
change of absorption with energy is more rapid than in materials of low 
atomic number. A similar method may be used for the absorption of 
8-radiation in low atomic number filters under defined geometrical 
conditions. It is particularly important that the geometrical conditions 
be accurately reproducible in this instance because the half thickness is 
very sensitive to changes in geometry. It should be emphasized that 
arrangements suitable for this type of measurement are often not 
‘absolute’ and the values therefore apply only to the specified con- 
ditions. 

Methods other than absorption methods are available particularly 
for y-radiation, and some are rather simpler and quicker. For example 
it is possible at energies below 1 Mev to make quite good determinations 
of the y-energy by using two identical counters, one with a lead cathode 
and one with copper. Alternatively a measure may be obtained by 
measuring ionization currents in identical chambers of lead and copper 
or lead and carbon. A further method is available from a single ioniza- 
tion measurement and a single counter measurement”. 

Although none of these general methods can compare with the 
individual spectrometer measurement of y-energies or $-end points, 
they can serve a very useful purpose in medical and biological work 
where the aim must always be to make the measurements as far as 
possible under the same conditions as those under which the source is 
to be used. 


LOCALIZATION OF RADIOACTIVE ISOTOPES WITHIN THE BODY 
The instruments at present available with which the localization of 
radioactivity within the body can be carried out are the ionization 
chamber, the Geiger-Miller counter and the scintillation counter. The 
chief instrument used for this purpose is at present the Geiger-Miiller 
counter, although the scintillation counter, when it is further developed, 
may well prove to be the more efficient localizer. The ionization 


chamber is in general too insensitive for wuch application in the field 
of localization, though modern developments particularly along the 
lines of direct reading instruments of high sensitivity may greatly in- 


crease its usefulness. 

The Geiger-Miiller counter, as an instrument for localization, has 
undergone several developments in the past few years. A type of system 
in common use is that incorporating a copper counter of the General 
Electric Co, type built into a heavy lead collimator, used principally for 
localizing I'*' in the thyroid gland and for the diagnosis, from differ- 
ential uptake of I'*', of secondary tumours arising from the thyroid”. 
The comparatively large size of the counter tube makes any great 
directional properties, even with heavy shielding and collimation, 
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difficult to obtain. More recently, the use of a small lead cathode counter 
as described by VEALL™, which has a much greater efficiency for low 
energy radiations (such as those from I'*! and Au!) than a copper 
cathode counter, has made it possible to use considerably less lead 
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collimation and yet obtain much better localization properties. Figure 
6 shows an example of a localizing system as used in one hospital. In 
this apparatus a lead cathode counter is used shielded by a thickness of 
1°5 cm of lead. The mobile cabinet has an extra high tension power 
pack, a scale of 100 recorder, a counting rate meter (o to 50 and 
0 to 500 c/sec) and a timing unit built into it. The counting rate meter 
and scaler may be used independently or together, so that a patient 
may be scanned rapidly with the counter head held in the hand, and 
the scaler may then be used with the counter head fixed in the desired 
position. 8- and y-counter heads are attached to the cabinet and either 
may be connected to the counting circuits. The heads are usually fixed 
at the end of an extensible arm which can be moved freely in all di- 
rections. To the head is attached a ‘beam direction’ device containing 
an exit and entry pointer oppositely mounted which enables the counter 
head to be moved back from the skin surface along a millimetre scale. 
The complete instrument is readily transportable and is suitable for the 
counting of patients in hospital wards. 

An example of the type of distribution obtained over a patient’s 
thyroid containing I'*! is shown (Figure 7). The arrangement has also 
been used for determining the distribution of Au'® in the peritoneum 
after intraperitoneal administration of the radioactive colloid. These 
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distribution measurements may be made by mounting a Perspex jig over 
the patient and locating the counter head at various points. The sensi- 
tivity of the counters especially in therapeutic Au'’ administrations 
may be rather too high for convenient counting. Here the aperture may 
be completely stopped up except for a small slot so that a small portion 
only of the cathode is irradiated. 

So far we have considered only localization measurements carried 
out externally to the body. There is another type of localization tech- 
nique, the development of which will be of considerable clinical ad- 
vantage, where the measuring instrument, of small size, is itself inserted 
into the tissues. This technique can, for instance, be used in the local- 
ization of brain tumours, when it has been possible to obtain a certain 
concentration of radioactive material within the tumour. The method 
demands a measuring instrument of size small enough to be inserted 
into the needle of a hypodermic syringe or similar probe. Small Geiger- 
Miller counters have been made in which this has been done*, but 
there is little doubt now that the scintillation counter will provide the 


best solution of this problem. 


Theory of localization of radioactive isotopes within the body 

The purpose of the techniques of localization is to determine as far as 
possible the position of the active material within the body, its amount 
and the volume it occupies. The radiation intensity at the point of 
measurement will be a function of each of the above factors, and it is 
of value to make a theoretical study of how far measurements made 
can lead to the required information. As an example, one can take the 
simple case of the localization of a point source of y-radiation in a non- 
absorbing medium, using a non-directional counter?®. Consider meas- 
urements taken at two points P and Q, which are at unknown distances 
d, and d, respectively from the source. Let the counting rates at these 
two positions be C, and C,. Then C,/C, = d3 /d? = n, say. MAYNEORD 
has pointed out that the locus of points P and Q at which C,/C, = n 

) 
is a sphere with centre distant — : PQ from the centre of PQ and 


of radius || ~ PQ. The measurement of C,/C, thus locates the source 
7 

on this sphere. The ratio C,/C, where C, is taken at a further point R 
would define another sphere, reducing the locus of the source to the 
circle of intersection of these spheres. In fact, to determine the position 
of the source quite uniquely five such measurements have to be made. 
In practical cases three measurements are usually sufficient to distin- 
guish between a number of possible positions of the source. 

In practical work absorption in the medium has to be taken into 
account, and an absorption term has to be included in each of the 
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relations given above. The locus surfaces are then no longer spheres and 
their shape and size is probably best found by actual measurement in a 
phantom. It is fortunate that with hard y-emitters like Ra?6, Co® and 
Ta'™ absorption in tissue tends to be compensated by the scatter con- 


Figure 8. Dimensions 


of volume element. 
j igure Q. Measurement 
irom moving source. 


tribution, so that, for instance, implants in the pelvis and stomach can 
probably be located using the simple theory above. 

In many clinical investigations the source to be located will be 
extended and of irregular shape. If it is assumed that the isotope is 
uniformly distributed within a volume then the calculation of the 
intensity at a given point will normally involve integrals which are 
soluble only by laborious graphical methods. Even this method of 
treatment will represent an over-simplification of the problem, since 
the radioactive material has often a very non-uniform distribution 
over the active volume, such as is the case with I?! in the thyroid. 

The basic problems of localization are simplified by the use of 
directional counters, although the overall sensitivity of the instrument 
will be reduced by the presence of the collimating system. Consider 
first the localization of an extended source of y-radiation in a non- 
absorbing medium’. 

A volume element 6, of dimensions 17. 6,. 6, (see Figure 
a counting rate at P of 


8) will give 


Pee 8. & 


an) Y (410 77) 
where K = 3'7 x 10’ X A X ¢€ = aconstant for the particular counting 
system and radiation used. In addition A effective cathode area, 
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€ = intrinsic efficiéncy and 9 volume density of active material 
(assumed constant). By integration, the total counting rate for the 
whole volume, with conical collimation, is 


which is independent of the distance between source and detector, but 
proportional to source thickness. 

Absorption in the source and in the space between source and 
detector will modify the simple relations given above to 


although in most circumstances the simpler relation is adequate. 

In practice the limits of the collimating cone will not be sharply 
defined, but this will not influence the independence of counting rate 
with distance from source. 

No unique solution to the problem of determining the shape and 
position of the emitter is possible from measurements in a single plane, 
although measurements in two planes will generally be sufficient to 
specify both quantities. 


Detection of moving radioactive sources 

In some clinical work it is necessary to measure the rate of flow of 
radioactivity in the body, as for example when radioactive sodium is 
used in the study of the circulation of the blood. 


Suppose a point source of § mc is passing at the rate v cm/sec along a 


direct path and measurements are made with a counter at a point P 
distant 4 from the line of flow*® (Figure 9). Then the instantaneous 
counting rate at P will be C, = A/(x? + 6?) c/sec which will rise to a 
maximum value of C,,,, = A/b* c/sec. The velocity v can therefore be 
found by observation of the time taken for the counting rate to rise from 
C,. to Cray, knowing x at a given time and b. In actual fact this analysis 
would only apply in a counting rate system with an instantaneous 
response. Ifa scaling system is used the time intervals of counting must 
be short compared with the time taken for the counting rate to change 
by an appreciable amount. The difficulties obviously increase with in- 
creasing velocity. 

It is noteworthy, however, that the velocity may be determined from 
the total counts received during the complete passage of the particle. 
‘The number of counts received in a small time interval dé is obviously 

C= K/(x?+ 6) x dt=1/v x K/(x* + 6) x dx counts 
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and the total count in passage from — co to + co is therefore 
AS seat An 


er+h uwuxd 


C= 

If an ionization chamber rather than a counter is used the total dose 
recorded will be Skz/vb réntgen. In practice, the conditions for which 
this relation applies are not actually met, but it is nevertheless appli- 
cable to cases where a known amount S'of material is injected at a point 
distant from P (so that x is initially large compared with 5) and travels 
to a point well beyond P, where the counting rate becomes constant. 
The total count can be recorded from the time of injection to the final 
situation of a constant counting rate. 

Although the relations outlined above may not represent the actual 
practical cases, they form a useful basis from which the more complex 
clinical examples can be built up. 


DOSIMETRY OF RADIOACTIVE ISOTOPES 


Among the most complex of the physical problems relating to the clini- 
cal use of radioactive isotopes are those relating to the estimation of the 
dose of radiation actually received at various points in the tissues of the 


patient following the administration of the isotope. Apart from inherent 
difficulties in the calculation of dose when all the necessary data are 
available, many essential data are frequently unobtainable. For in- 


stance, considering merely the macroscopic distribution of the isotope 
throughout the body, the localization methods at present available will 
in general give only a very rough result indeed, and then only if the 
radiation emitted is sufficiently penetrating to allow the measurements 
to be made. Most of the data used will have been obtained for previous 
cases from measurements of the activity of pieces of tissue obtained at 
operation or after post-mortem examination, or from work done with 
animals. Very often the data will not be strictly comparable. When, 
however, one considers not the macroscopic, but the microscopic, 
distribution of the isotope, which may well have a profound influence 
on the dosage problems, then the data available are either very scanty 
or non-existent. 

Consequently the problem of dosimetry with administered radio- 
active isotopes must be considered in stages. One must consider first 
the problems of dosage assuming a continuous and uniform distri- 
bution of isotope in the medium. Then the methods of dosage estimation 
must be adapted to take account of the actual distribution of radio- 
active materials within the tissues as information on this subject 
becomes available. 

There is certainly great need at the moment for further work on the 
distribution of isotopes in tissues, on the microscopic scale, to include 
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also the intra-cellular distribution of isotopes. Methods of autoradio- 
graphy which give promise of being extremely valuable are now avail- 
able for this purpose. 


Dosimetry of B-emitters 

The dosage problems with a uniformly distributed $-emitter are in 
general simpler than for a uniformly distributed y-emitter, since the 
range of the $-particle will often be small compared with the dimen- 
sions of the particular organ or the medium concerned. 


If we consider a 6$-emitter uniformly distributed throughout a 
medium at a concentration of ¢ uc/gm, then the total number NV of 6- 


particles emitted when the isotope is completely destroyed can easily 
be shown”? to be 

3°7 x 10x » xX T/0°693 
where T is the half-life of the isotope in seconds, or 

N = 5°34 X 10° X p X T= 4°61 X 10° X 2 X T when T is in days. 
If the 6-particle emitted has an average energy EF Mev, then the total 
energy emitted per gram of the medium will be 

4°61 X 10? X p T E Mev "25 10° x o T Eerg 

When the dimensions of the medium are large compared with the 
range of the $-particles, and if the isotope is distributed uniformly, then 
an equilibrium condition will exist in the interior of the medium, and 
the energy absorbed per gram of medium will also be 7°35 10° X p 
T E erg. 

The expression of this dose in réntgens will depend on the com- 
position of the medium. For instance, if the medium is air, one 
rontgen would be equivalent to the absorption of 83 erg/gm and the 
relation becomes 

Dose for 1 wc destroyed per gram of medium 88 T E rontgen. 
If the medium is soft tissue, one rontgen corresponds to the absorption of 
about 93 erg/gm and the dose becomes 79°5 7 E réntgen. For other 
media such as bone different conversion factors are necessary depending 
on the density, atomic number and stopping power. Since for a given 
concentration of isotope the same energy is absorbed per gram for any 
medium, it is very clear that in this instance ‘erg/gm’ is preferable as a 
unit of dose to ‘réntgen’. However, the simple expressions shown above 
relating concentration of isotope to total dose in réntgens in the medium 
are very useful in practice as a general guide to the mean dose in tissue 
containing a radioactive isotope. 

It is also of use to have an expression for the dosage-rate in terms of 
the activity of the isotope present. It can easily be shown that for a 
concentration of 1 wc/gm of an isotope the dosage-rate will be 212 E 
erg/gm/hr, which represents in soft tissue a dosage-rate of 2°28 EF r/hr. 
Taking P** as an example, for which 7 = 14°3 day and EF = 0°70 Mev, 
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the total dose for 1 wc destroyed per gram of soft tissue is found to be 
790 r,,and the dosage-rate from a concentration of 1 uc/gm is 1°6r/hr. 


Dosimetry of --emitters 

With a y-emitter distributed in a medium the fact that the range of the 
quanta is often large compared with the linear dimensions of the medi- 
um makes it impossible, in general, to make dosage estimations on the 
basis of ‘equilibrium conditions’ as can be done with $-emitters. 

The first approach to the problem here is to calculate the dose at 
various points inside and outside volumes of various shapes and sizes, 
assuming uniform distribution of the isotope within the particular 
volume chosen. If absorption of the radiation in the tissue is neglected, 
and under certain conditions this assumption will not introduce very 
great errors, then for certain geometrical shapes the calculation of dose 
is fairly straightforward™. 

Using the notation that the dosage-rate at 1 cm from a point source 
of 1 me of an isotope is k r/hr, and assuming that the concentration is 
oe mc/gm, then the dose at the centre of a sphere of radius a is 


rr es 4n r° 


4 dr=4nkoa 


ee 


The dose at the surface can be shown to be one half of that at the centre, 
while the mean dose can be shown to be 0°75 of the dose at the centre. 

It is important to note that the dose at any point on the sphere is 
directly proportional to the radius and it can be shown, rather more 
generally, that emitters of similar shapes give doses proportional to the 
linear dimensions. 

The calculations of dose for other shapes such as rings, disks, cylin- 
ders and ellipsoids of radioactive material have been made by a number 
of workers*!-*’, In certain cases, it is not possible to state a relation for 
the general distribution in space of the radiation surrounding an emitter 
of given shape but the dose at selected points may often be evaluated. 

When an isotope is used which emits both @- and y-rays, such as ['', 
it is often necessary to make some estimate of the relative contributions 
of the - and y-components to the dose in a given part of the tissue. It 
is clear that the relative contributions will depend on the size and 
shape of the volume of tissue containing the isotope. As a simple 
example of this one can consider a sphere. If we therefore choose three 
isotopes, Na*4, Br®? and K*® say, with different @- and y-energies, the 
data shown in Tad/e IJ may be obtained. 

[t is evident that by choosing different isotopes or different sizes of 
spheres the ratio of 6- to y-dose may be considerably varied. It is clear 
that once the extent of the volume is greater than the $-range, the 
6-dose remains unchanged. 
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Concept of ‘biological half-life’ 
In clinical practice several considerations influence the final calculation 
of dose delivered apart from the relations already discussed. 

Among these are the concepts***’ of ‘biological half-life’ and of 
‘effective half-life’. It is well known that the decay of many isotopes in 
the body appears more rapid than the natural physical decay. This 


Table II. Data on Use of Isotopes 
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difference is accounted for by the activity lost in the excreta of the 
patient, which fortunately often appears to follow very nearly an 
exponential law with time. The ‘biological half-life’ refers to the half- 
life of the isotope in the body (that is assuming an indefinitely long 
physical half-life) while the ‘effective half-life’ refers to the decay of the 
total amount present in the body. Clearly 
1/7Tp+1/7,=1/T; 

where 7p = physical half-life, 7, = biological half-life, 7; = effective 
half-life. It is obvious that in calculations of the dose from a given 
administered activity the effective half-life 7, is the value which should 
appear in the formula outlined above. 

In practice, especially specifically with I'*', there may be several 
different sites of local concentration in the body each of which may 
have a different value of Ty. Then each site should be considered 


individually. 


Dosimetry problems in clinical use of radioactive phosphorus 

Radioactive phosphorus is probably more widely used clinically today 
than any other isotope and the amount of activity used in the treatment 
of a patient has become fairly well established on an empirical basis at 
between 1 and 10 mc. Experience has shown that the excretion of P*” 
after intravenous administration follows a fairly regular pattern from 
patient to patient and in fact a general value of 7, = 10°5 day can be 
stated, which is unlikely to be in error by more than + 10 per cent. A 
typical curve is shown which demonstrates the total effective amount 
of P*? remaining in the body after an administered amount of 5 mc 
(Figure 10). It will be observed that there is an initial rapid drop in 
the curve and the ‘effective’ amount administered is 4°5 mc instead of 
5 mc. This effective amount is probably the better value to use in the 
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calculation of dose. The ratio of effective amount to initial amount 
decreases as the amount administered is increased. The difference 
therefore probably represents the ‘waste’ P*? which is not assimilated 
by the body. 

Assuming that a constant value of 7, can be accepted, it is necessary, 
after the administration of P**, only to determine the initial drop by 
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the measurement of excreta at the end of, say, two days. This can 
obviate the necessity of periodic measurements of the activity of ex- 
creta, which has been the procedure in a number of centres. It may be 
advisable, if strict limits are placed on the tolerance amount permissible 
in the excreta of patients before discharge from hospital, to make a 
further excreta measurement to determine that the tolerance figure has 
actually been reached. 

It is of interest to make an estimate of the dose received by the 


tissues of a patient if an amount of 5 mc of P® is administered to a 
patient. The effective amount will be about 4°5 mc and taking 70 kg 
as the weight of the patient the mean concentration of the isotope in 
the body will be 0'064 uc/gm. Assuming first that the distribution of 
P*? is quite uniform throughout the body, the dose received by the 
tissues when the activity is completely destroyed will be 


7°35 X 10° X 0°064 X I10°5 X 0°70 = 3,500 erg/gm 
37°4.r in soft tissue. 

The distribution of P** between the various tissues of the body is of 
course not uniform, and in fact will change with time. However, 
measurement of the activity of tissue specimens after post-mortem 
examination has indicated that in general the take-up of P* in different 
organs does not vary by a factor of more than ten. Although the possi- 
bility that higher concentrations may occur cannot be entirely excluded, 
on the macroscopic scale at least they appear unlikely. Consequently, 
following the administration of about 5 mc of P**, the dose received by 
tissues, when calculated on this macroscopic basis, is not likely to 
exceed a few hundred réntgens and in general will be much less. 
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With certain of the blood conditions that are treated by P** the order 
of dose calculated in this way makes m3 clinical response appear not 
unreasonable from the point of view of past experience with x-rays. 
With certain other conditions, however, it appears that the clinical 
response is occasionally considerably greater than would be expected 
from the same dose of externally applied x-radiation. It may be 
possible to expli iin this response by the fact that a whole body irradi- 
ation is associated with the use of the isotope, with somewhat different 
levels of dosage in different organs. On the other hand, however, 
variations in the peace distribution of the isotope within the 
tissues may be of considerable importance. These matters certainly 
need much further investigation. 


Dosimetry problems in clinical use of radvoactive todine 

It appears at the moment that the ultimate value of radioactive isotopes 
in the treatment of malignant conditions will depend on whether 
techniques can be developed enabling the isotopes to be localized 
specifically in given sites in the body. Without a high degree of specific 
localization there are undoubtedly some useful and interesting thera- 
peutic techniques which can be employed, but if any substantial 


improvement is to be made by radioactive isotopes in the general 
treatment of malignant conditions specific localization appears to be 
essential. 

At the moment radioactive iodine is the one isotope which achieves a 
high degree of specific localization in one organ in the body, namely in 
the thyroid. For this reason it is being used very widely, both as a 
method of treatment of malignancy in the thyroid and also for the 
study of thyroid function. As a treatment for malignant growth in the 
thy roid radioactive iodine has unfortunate ly not been nearly as success- 
ful as had been antic ipated, essentially because the mi ign int thyroid 
tissue has much less avidity for iodine than the normal non-malignant 
tissue. However, in the study of thyroid function, and also in the 
diagnosis of secondary tumours arising from the thyroid, radioactive 
iodine has been of very great value. 

The problems of dosimetry with radioactive iodine are considerable. 
In the first place, with regard to retention by the patient it is not 
possible to generalize for different patients in the same way as for P*’. 
In most thyroid conditions, the variation in excretion rate and thus in 
the values of 7; is so great that no general value can be stated. One 
can observe in cases of thyroid carcinoma effective half-lives as short as 
2°5 day and as long as 7°5 day. The situation is further complicated by 
the fact that repeated doses of I'*! administered even at long intervals 
do not behave in the same way as the first dose, and quite different 
values of 7; may be obtained at the same site. 
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The administration of amounts of I'*! for thyroid carcinoma is based 
almost entirely on experience and of the order of 100 to 200 mc is usually 
given. The dose received will obviously depend very greatly on the 
amount retained by the thyroid or tumour (and this may be no greater 
than 20 per cent). The calculation of dose generally demands a determi- 
nation for each individual case of the effective amount initially present at 
equilibrium 7.e. after the thyroid or tumour has reached its maximum 
uptake, and the effective half-life, from measurements of activity of ex- 
creta or externalcounting. The effective amount is usually determined by 
measurements over the thyroid or secondary tumour using a counter at 
different distances and comparing these measurements with those made 
in a phantom containing a model thyroid with a known amount of ['*!. 
Usually estimation of the size of the radiating volume is very difficult and 
frequently confuses the determination of the effective amount present. 

If the above factors can be determined at least approximately the 
mean §- and y-dose may then be estimated from the average energy of 
the 8-particles and the & factor for y-rays. 

Let us take as an example a typical case of carcinoma of the thyroid 
treated with I'?!. It is rarely that the size of the tumour and the amount 
of I! located in it can be determined with accuracy, but we will 
assume that 200 mc of I'*! was administered to a patient and that the 
uptake was found to be 25 per cent; we will assume that the radio- 
active iodine in the thyroid occupied 100 gm of tumour and that the 
effective half-life in this site was found to be 6 day. Then taking 
E 0°22 Mev and k 2°6 r/hr/me at 1 cm* 

8-dose 7735 x 10° x o X 6 X 0°22 erg/gm where - 500 uc/gm 

4°85 10° erg/em 
52,000 réntgen in soft tissue. 
The maximum y-dose, assuming a spherical shape, 
4akj,oa 
4 2°6X6X24 — 05 x 2-9 
aes 
9,800 r. 

These figures for the dose are much higher than those employed in 
the x-ray treatment of these conditions. Although a number of clinical 
factors may be proposed to make the difference appear somewhat 
smaller, it is still apparent that the doses are, as far as one can deter- 
mine, extremely high. It is clear from this example as also from dosage 
considerations in P** treatment that the simple macroscopic treatment 
of 8-dosimetry does not necessarily indicate a clinical response compa- 
rable with that observed from similar doses of x-radiation. A more 
fundamental approach is certainly needed. 


* These constants refer to the I!3! mc used by most workers in Great Britain since January 1949. 
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Dosimetry in intracavitary irradiation techniques 

In cases where the radioactive material is used as a discrete source and 
not distributed throughout the body, the dose is in general much more 
readily calculable. An example of such a technique is that which has 
been used for the intracavitary irradiation of the bladder*. A balloon 
of rubber is introduced into the bladder and filled with about 150 ml 
of active solution of sufficient activity (usually of total activity 400 to 
500 mc) to give a y-dose at the surface of the balloon of about 3,000r to 
4,000r in about 3 to 4 hours. The y-dose at the surface may be quite 
accurately determined and the distribution of dose within the tissues is 
apparent from the theory of spheres referred to earlier. Estimates may 
also be made of the $-dose at the surface though the dose is changing 
very rapidly with depth because of the rapid absorption of the 
It is possible by choosing different isotopes to alter the ratio of 8- to 
y-dose very considerably. Table JJ indicates that for a 150 ml sphere the 
8-dose due to Na” is 1°5 times the y-dose; for Br* it is less than 0°5 
times, while for K* it is of the order of 20 times. In practice in this 
actual technique the absorption of the rubber balloon tends to reduce 


6-rays. 


the 8-dose, especially with Br*. 

For a more detailed discussion of this technique the reader is re- 
ferred to papers on the subject®. 

It is clear that in other cases where localized sources are used in this 
fashion, calculation (and experimental confirmation) of the dose is 
generally possible. 


Dosimetry with radioactive sources used externally or interstitially 
When the isotopes are used as discrete sources for external irradiation 


or for implantation in the tissues in the form of needles or wires, the 


problems are in general the same as those that have been faced in the 
clinical use of radium. There is, however, a considerable field for 
developments in techniques, with the use of activated wires and planes 
to give a more satisfactory distribution of dose than has been possible 
hitherto. 

Interesting problems in dosimetry arise in the use of plane sources of 
8-emitters, such as P*? incorporated in thin plastic sheet, which can be 
used for superficial treatments. The dosimetry will clearly depend 
on the shape and dimensions of the emitter. If the dimensions of 
the emitter are greater than the range of the $-particles, the dose at 
the interface, or surface of the emitter, provided the emitter is 
surrounded by a medium of identical composition, will be one half 
of that throughout the radioactive medium 7.e. one half of the ‘equi- 
librium condition’ values given previously. If the dimensions of the 
medium are smaller than the range, emitters of different shapes 
must be considered individually. LoEvincEeR*', in a_ theoretical 
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discussion of a number of shapes, has shown that the dosage-rates 
can be calculated and has verified experimentally some of his work 
for plane sources of P**. 

Although the problems of external $-dose are not yet entirely solved, 
it is evident that approximate solutions of the more important data, 
sufficiently accurate for most clinical use, can be obtained. 


PROTECTION PROBLEMS 
In all clinical applications of radioactive isotopes the adequate safe- 
guarding of both patient and operator is of paramount importance. So 
far as the physicist is concerned the main problems in protection are 
not fundamental physical ones, but are concerned with organization 
and technique. Wherever possible, isotope work should be carried out 
in laboratories which are set aside for that purpose. The laboratory 
should be equipped with devices for remote handling of active materi- 
als, and for each new technique it is usually necessary to build special 
equipment if high activities are to be used. The laboratories or parts of 
laboratories used for manipulation purposes should be adequately 
ventilated with a strong draught of air to reduce the risk of ingestion of 
radioactive dust or moisture. 

Rules for the wearing of appropriate protective clothing should be 
rigidly observed in the laboratory. In particular, rubber gloves should 
always be worn. Adequate monitoring equipment should be available, 
and staff and laboratory monitored at regular intervals, and after each 
specific operation, It is important that unavoidable contamination 
should be restricted to one laboratory and that it should be kept down 
to as low a level as possible, not only for the safety of personnel but also 
to avoid reducing the sensitivity of detecting and measuring instru- 


ments by a high background. For the same reason adequate storage 
facilities must be provided for samples not in use. Constant checks of 
the dose received by staff should be made with photographic films. 
Small ionization chambers are very useful for determining the dose 


received in individual operations. 

The safe rule is to cut down exposure absolutely as far as possible, 
and if by reasonable precautions the dose or contamination received 
can be reduced to far below the present accepted ‘maximum permis- 
sible’ limits, this should be done. 

Special precautions should be observed in the disposal of radioactive 
waste. More active waste should be stored until the activity has decayed 
to a safe level if short-lived, or if long-lived it should be deposited in 
specially prepared watertight pits. 

For a more detailed discussion of the problems of protection and 
disposal of waste radioactive isotopes, the reader is referred to more 
comprehensive accounts**°, 
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BIOPHYSICAL ASPECTS 
OF NERVOUS FUNCTION 
B. D. Wyke 


Nissuna humana investigatione st puo demandare vera scientia, se essa non passa per le 


matematiche dimonstrationi e se tu dirat, che le scientia, che principiano e finischono nella 
mente habbiano verita, questo non si concede, ma si niega, per molte raggioni e prima, che in 
tali discorsi mentali non accade esperientia, sanza la quale nulla da di se certezza. 


LEONARDO DA VINCI 


THE progress of modern biological science depends upon a close 
relation between the so-called ‘pure’ scientist (mathematician, physi- 
cist, chemist) and the investigator whose interests are more directly 
biological; and many recent fundamental contributions in this field 
stem directly from application of new knowledge of the physical 
sciences to problems of structure and function in living organisms. This 
development was clearly epitomized by Le Gros CLark' in his 
Presidential Address to the recent International Anatomical Congress 
in Oxford; while it is receiving more speculative expression in the 
hands of some contemporary workers?®, who seek to erect a neo- 
Cartesian materialistic philosophy upon a foundation formed by the 
marriage of certain principles of telecommunications engineering with 
quantitative data describing some aspects of central nervous system 
function. 

A further outcome of this contemporary trend is the appearance of 


special individuals or departments said to be concerned with ‘bio- 
physics’. While it is not clear what the confines of this field of study 
may be*, it would appear at present that the principal function 
of the biophysicist is to expedite the application of recent advances in 
the physical sciences to biological problems. This implies a close 
relationship between the biophysicist and his more biologically-minded 


colleague: but in some instances biophysics seems to be acquiring a 
false independence from biology, and the biophysicist is in danger of 
being divorced from biological reality by undue concentration upon 
physical models which attempt to represent certain aspects of animal 
function. 

This is especially true for the nervous system, study of which, ever 
since the original observations of Luict GALVANI and GrusEPPE VOLTA, 
has been closely linked with electrical physics. ‘The contemporary 


* Biophysics was originally defined by Kart Pearson in 1892 as ‘the study of biological phenomena as 
special examples of physical laws’. 
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mushroom development of electronics and atomic science has tempo- 
rarily widened the hiatus between the physical scientist and the neuro- 
physiologist, but well-integrated team work is already bridging the 
gap, as the present article will seek to show; and such collaboration 
seems to be more likely to yield fruit than the artificial isolation of a 
biophysical pseudo-speciality, certainly with regard to the nervous 
system. On the other hand, some of the less favourable results of such 
isolation have already received expression in attempts to extrapolate 
theories derived from the study of electronic calculators to problems 
of neural behaviour (¢f JEFFERSON’? and Grey WALTER’, for contrasting 
discussions of this aspect 

Therefore it is hoped that the data reviewed in this article will 
emphasize the great benefits to be derived from a close integration of the 
activities of physical and biological scientists, both in the study of isolated 
nerve and of the nervous system as a whole. But it must be empha- 
sized at the outset that many of the findings concerning the neuronal 
model obtained in this way are still far from permitting direct appli- 
cation to the activity of neurones en masse in the central nervous systerh. 


THE INDIVIDUAL NEURONE 


Resting potential in nerve 
The individual neurone may be said to behave like a miniature electric 


battery (Figure 1), in that it possesses an electromotive force which 
maintains a potential difference (resting potential) across the interface 
between cytoplasm and external environment. This interface (the so- 
called nerve membrane) is a conducting medium with a _ thickness 
equivalent to about 50 A, and across it-is maintained in a steady state 
a resting potential difference'*:¥ of the order of 60 to 80 mv, the external 
surface being positive in relation to the interior. (See also HUXLEY 


and STAMPFLI"4, 

Precise structural data concerning the nerve membrane are not yet 
available, although x-ray diffraction and birefringence studies, electron 
microscopy and observations on diffusion rates of radioactive tracer 
elements across it, indicate that the nerve membrane, like other 
biological surface films, may possess a special molecular orientation 
which is related to its permeability'*'*. This membrane seems to have 
the properties of a rectifier’, behaving like a condenser (capacity 1 uF) 
in series with a variable resistor (2,000 to 7,000 ohm/cm*) and a 
variable battery (producing about 60 mv). According to Cote and 
Curtis”, currents passing out of the membrane lower its resistance to 
about one thirteenth of the resting value, while currents entering raise 
it to about eight times resting value. Activation (qg.v.) therefore implies 
lowering of membrane resistance, and hence a change in rectification 
i.e. an alteration of the ‘steady state’ in resting nerve. Other workers 
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have considered the membrane system in terms of the theory of relax- 
ation oscillators, on the basis of its non-linear responses and self- 
sustained activity. 

The mechanism responsible for maintaining the resting potential 
was explained by BernsTEtn*!:” on the assumption that the membrane 
possessed properties of differential permeability, the resting potential 
then being a special example of a Nernst*** concentration potential. 





+), 
i hd 








Figure 1. Circuit diagram representing the electrical properties of nerve. 
J» polarizing current, /e external longitudinal current, /; internal longi- 
tudinal current, im density of membrane current, 44 membrane element, 
Ve external potential, V membrane potential, Vi internal potential. 
From LORENTE DE NO 


This latter worker had shown that, with artificial semipermeable 
membranes, the EMF at the interface between two solutions containing 
electrolytes at different concentrations was proportional to the loga- 
rithmic ratio of the concentrations, which in turn was related to the 
relative mobilities of the various ions. Applying this to nerve, BERN- 
STEIN suggested that if the membrane were relatively impermeable to 
sodium ions and anions, the difference in concentration of potassium 
within and without it — now known® to be of the order 20: 1 could 


explain the resting potential difference across the membrane, which 


would then obey the relation 
ue C; 
= 3S log 
C, 
where V is the membrane potential in mv, C; is the internal concen- 
tration of potassium ions, and C, is the external concentration of 
potassium ions. Until recently this hypothesis received wide acceptance, 
and many experimental observations (see H6sEeR*) seemed to be 
explicable on the basis of BERNsTEIN’s model. But lately LORENTE DE 
No! has seriously questioned its validity; although there had also been 
: y> 5 
sarlier doubts!2:2/-2 
earlier doubts ; 
In a large series of experiments, LORENTE DE No and others e.g. 
Curtis and Cote”, BoyLe and Conway”, have now shown that mem- 
brane potential is not a linear function of varying external potassium 
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concentration (Figure 2) as would be expected from BERNSTEIN’s 
equation, nor does it depend upon the relative concentration ratios of 
this ion across the membrane*!. LoRENTE DE NO’s final conclusion is 
that maintenance of resting membrane potential depends primarily on 
intraneural oxidative processes, the only essential requirement of which 
is the availability of oxygen. He also considers that his experiments 
render equally unlikely the less widely accepted corollary of BERN- 





-20 
Figure 2. The relation between 
membrane potential and concen- 
tration of potassium in the external 
fluid around a nerve.’ It will be 
noticed that this relation is only ap- 
proximately linear for small changes 





in potassium concentrations, beyond 

which the relation is exponential. 

From Curtis and Core J. Cell. 
Comp. Physiol. 19(1942) 139". 
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Relative potassium concentration 


STEIN’s theory, that the membrane potential may be explained as a 
phase boundary potential in a DONNAN equilibrium system*!* 

He identifies three fractions in the resting potential of nerve (Q, M 
and L fractions), which have a different time course during excitation 

the Z fraction has a slow time course and is related to the after- 
potential sequence in excited nerve, while the Q fraction is a more 
rapid response to activation, and the MV fraction is intermediate 

Figure 3). Each potential fraction is considered to be maintained at 

three different double layers in the nerve membrane, which, from 
within the nerve outwards, are designated /—m’, m’—m and m—q. The 
fractions Q, M and L represent equilibrium points in three electro- 
chemical systems q, m and /, being balanced by EMF’s Eq; Em and Ey: 
the products of metabolism in one system become reactants in the next 
in the order /+m- gq. More elaborate implications of this theory are 
given by LORENTE DE NO!!34.39, 

Some of LorRENTE DE NO’s conclusions have been questioned by 
others on the ground that most of his studies are based on the demar- 
cation potential of frog nerve: but his theory of the vital importance of 
intraneural oxidative cycles in the maintenance of resting potential 
seems well founded. It receives additional support from the bio- 
chemical investigations of GERARD*®:*?:338 and his collaborators on 
both frog and mammalian nerve, and from the observations of BEYNE 
et alti? and GRANDPIERRE and LEMAIRE” on the effect of oxygen tension 
on the chronaxie of human nerve. It would therefore seem that the 
electromotive force which produces the resting potential is created and 
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maintained primarily by intraneural oxidative processes, vested in the re- 
dox systems ofenzymes and substrates now known to be present in nerve. 


Excitation of nerve 
Neurophysiologists have repeatedly pointed out e.g. GERARD*’, BisHop"', 
that excitation of living tissue does not necessarily imply the addition 


Figure 3. Diagrammatic represen- 
tation of the relation between the 
postulated double layers in the nerve 
membrane and the fractions L, Mand 
Q of the resting potential of nerve. 
From LorENTE bE No", 
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of anything to the tissue being studied: transient positive or negative 
deflection of an existing steady state, as well as the imposition of an 
entirely new steady state, may all be equally effective as ‘stimuli’. 


As indicated above, resting neural tissue is not inert, but maintains 
a dynamic equilibrium, the ‘set’ of which is disturbed by the appli- 
cation of any effective stimulus. Realizing that the resting metabolism 
of nerve maintains a membrane potential of 60 to 80 my, it remains to 
consider the mechanism whereby this ‘steady state’ is converted into 
an ‘unsteady state’ which may or may not result in the propagation of 
a nerve impulse. This is the basis of neural excitability; and although 
many physical and chemical factors are capable of exciting nervous 
tissue, the present discussion centres around electrical excitability. 

LORENTE DE NO’s experiments (/oc.cit.) indicate that the oxidative 
metabolism which creates the membrane potential does so because it 
establishes electromotive forces which separate charged particles of 
opposite sign to form electric double layers. The electrostatic potentials 
across these double layers are in precise equilibrium with the origi- 
nating electromotive forces, an equilibrium of which the set is deter- 
mined by the level at which the steady state of neural oxidative 
metabolism functions. 

Applied electric currents modify this steady state because they alter 
the course of intraneural metabolism, and this in turn affects the mem- 
brane potential by initiating a flow of charged particles across the mem- 
brane. This causes the electrostatic/electromotive force equilibrium 
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to oscillate?’ in a fashion which is partly a function of the para- 
meters of the applied stimulus*™, and partly a function of the meta- 
bolic status and chemical environment of the nerve at the time of 
stimulation*’. These potential oscillations (Figure 4) constitute the 
so-called ‘electrotonic potentials’, a local response****° which pre- 
cedes the firing of an impulse, which is signalled in turn by the action 
potential. But it is the alteration in ionic balance that is the immediate 
precursor of these final phases of excitation 7.e. local potentials, which 
culminate in propagation. 

As a corollary of BERNsTEIN’s hypothesis it was believed that this 


ionic flow consisted of movement of potassium ions through the differ- 


entially permeable nerve membrane, thereby decreasing the membrane 
potential at the cathode and producing local depolarization. Passage of 
electric current through a semipermeable membrane causes accumu- 
lation of certain salts at the membrane, while diffusion tends to disperse 
them. Thus the change in concentration resulting from these opposed 
processes is represented by (C— C)), and this increases, during the flow of 
constant current, with the square root of time. ‘Thus, for constant current, 


C— Cp Kita PO ik 


so that if (C C,) has a critical value for excitation, a rectangular 
current pulse should excite if the product of its intensity and the square 
root of its duration reach a critical value*. With alternating currents, 
the critical change must take place within one half-period, as the 
succeeding oscillation is of opposite polarity. Thus, according to Karz 
(Joc. cit.), the threshold intensity of alternating currents should increase 
as a function of frequency, 7.e. 


in’? = k Trey | 


But this theory has only limited application to observed facts, and 
ionic shifts during excitation of nerve are not as simple as might be 
suggested by extrapolations of the NERNsT-BERNSTEIN hypotheses. ‘Thus 
recent work*!* has thrown doubt upon the postulated impermeability 
of the membrane to sodium ions (see also HoDGKIN and Karz**); while 
the studies of LoRENTE DE N6O!'! have demonstrated that movement of 
sodium ions does occur during excitation. In fact, this author concludes 
that the functional integrity of the excitable mechanism of nerve de- 
pends upon the presence in the external medium of no cations other 
than those of sodium (and possibly chloride also). On this view, there 
are only two essential pre-requisites for nerve to be electrically excitable: 
the resting membrane potential must be maintained at or above a 
certain critical level (for which ready availability of oxygen is neces- 
sary), and sodium (and perhaps chloride) ions must be freely available 

26,55 


to the nerve. But there is the additional possibility***? that organic 
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anions may be implicated in the initial excitatory ionic shift. Further 

support for this view of ionic relations is provided by Conway”. 
Eccies!*3! summarized the present position by suggesting that 

activation implies a local change in membrane permeability, with (at 





Figure 6. Potential changes at an 
electrode within the axoplasm of a 
giant squid axon. The deflection 
passes from a resting potential value 
of — 44 mv toa potential value during 
activation of 10 mv—a total po- 
tential change of 84 mv. 
From HopckKIN and Htxtey”. 




















the cathode) rapid entrance of sodium ions and slow departure of 
potassium ions (although H6sBERr** and LoRENTE DE NO!! discount the 
essential nature of potassium ionic shift). Whether or not loss of 
potassium ions is vital for conduction, it does occur following excitation, 
at a rate calculated*®:°"*8 as 1°7 x 10°! M per cm? per impulse with 
adequate stimulation of nerve. Increase in the rate of uptake of radio- 
active Na** was demonstrated by von EuLer et alii? for cat’s sciatic 
nerve, and for the giant squid axon by RorHEenBeRG'® who finds the 
rate of uptake of Na* to be 4°5 < 10° M per cm? per impulse; while a 
transient increase in sodium and decrease in potassium content of 
cortical neurones (Figure 5) has been demonstrated™* following 
electrical stimulation of the brain. The reverse of these ionic changes 
occurs at the anode. Further details* of these processes have now been 
provided by Keynes and Lewis. 

There then follows a reversal of the membrane potential'® so that 
the inside of the membrane momentarily becomes positive in relation 
to the outside (see Figure 6). This reversal of membrane potential is of 
the same (or even greater) order of magnitude as the resting potential, 
so that a potential of — 60 mv may swing to + 60 my, a total change'* 
in membrane potential of 120 mv. 

Associated with this, there is an abrupt drop*:®:® in the ohmic 
resistance of the nerve—in the case of the giant squid axon, from 
73, 99] which came to hand 


wil 


* A fuller description of their findings is given in two papers [ 7. Physiol. 113 (1951 
x 10712 mM 


while this article was in press. They calculate the net potassium loss from activated crab nerve as 2 to 3 


per cm2 per impulse. 
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1,000 to 25 ohm/cm?—and if the rheobase is exceeded by the cathodal 
current, the threshold drops to zero at the cathode while it rises at the 
anode. At the same time the Qo, rises at the cathode and falls at the 
anode'!:?937, indicating that the electrical phenomena signal under- 
lying metabolic events which differ in direction at cathode and anode. 
All these changes can be suppressed by carbon dioxide, which raises 
the threshold of nerve and prevents progressive depolarization during 
faradic stimulation". Similar observations on suppression of electrically 
induced cerebral activity by carbon dioxide have also been made. 

Further studies by Lorenre pe No! have revealed a relation 
between the fractional (Q and L) components of membrane potential 
and the processes of activation. Changes in the ZL fraction (slow 
electrotonus) do not lead to propagation of an impulse, but merely 
affect the excitability threshold of the nerve: moreover it is this fraction 
that is most susceptible to changes in the external environment of the 
nerve é¢.g. variation in PH, ion balance or CQO, concentration. On the 
other hand, change in the Q fraction (fast electrotonus) is the essential 
precursor of propagation, so that the development of the action po- 
tential represents the end point in a change of the Q fraction. 

The electrical phenomena thus set up at cathode and anode are 
known respectively as catelectrotonus and anelectrotonus, and reflect 
complex metabolic events which draw upon the energy stores of nerve 
so that heat is produced®”, although this initial heat production 
represents only 3 to 10 per cent of the total heat produced during 
excitation and conduction**”!, which amounts to 2 10° cal/gm per 
impulse in the frog’s sciatic nerve. Part of the required energy comes 
from glucose metabolism and part from the breakdown of phospho- 
creatine and other phosphate compounds (which can provide up to 
3,000 cal per bond, according to GERARD*’), The maximum increase in 
the metabolism of frog’s nerve as the result of excitation is about 7 per 
cent of the resting metabolism. Resting nerve produces more energy 
than is actually required to maintain the membrane potential, with a 
‘safety factor’ of the order*’ of 5. Under ordinary circumstances, there- 
fore, excitation is unlikely to exhaust the energy reservoirs of nerve, 
unless stimulation is unduly severe or prolonged (q.v.). 

The preliminary (so-called ‘pre-potential’) oscillations* initiated by 
stimulation may, if the relation between stimulus parameters and 
neural threshold is adequate, continue to increment*:*®” until an 
impulse is fired off (Figure 7) and the action potential signals its 
passage. This incrementation to propagation strength may take as long 
as 0°5 msec, with subliminal stimulation’. But the physicochemical 
* Further evidence for the existence of this type of subthreshold response in myelinated nerve following electrical 
excitation is given in a paper by Huxuey and SrAmpr.i (J. Physiol. 112 (1951) 476], published since this article 


was written. 
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system which provides the energy for these pre-potential oscillations 
may be arrested in its post-activatory course by electric 
chemical® means, thereby aborting the local processes leading to 
impulse propagation and so inhibiting the action potential. 


al’4 -78 or 


if le fy 





7 


Increase in excitability 





Utilization time 











R 
7g Time ——~ 
Figure 7. Changes in excitability ofnerve in response to the application of increasing 
intensities of constant current from a to f. R is level of resting excitability and T is 
threshold of propagation. Excitability is plotted as the reciprocal of the strength of 
test shock required to bring excitation to threshold following a previous conditioning 
stimulus of subthreshold intensity. Curves a, band ¢ represent the time course of ex- 
citability changes at subthreshold levels. Curve d results in action potential take-off, 
so the current strength producing it is rheobasic. Curves e and f have a shorter time 
course, and result from supraliminal stimulation. The period [ 7¢@] (called utilization 
time) represents the time for the post-activatory changes in the nerve to grow to propa- 
gation strength | Fa ]: with increasing intensities of stimulation this period decreases 


({7 — Ee], [7 —Ey]). Compare also Figure 4. (After LLoyp”.) 


Propagation and recovery phases in nerve 

Following adequate stimulation, the reversal of membrane potential 
associated with the oscillating pre-potentials'***° develops into the 
action potential, which signals the passage of an impulse. An all-or- 
none response is now in train, self-propagating (as a result of voltage 
differences between active and non-active regions of the nerve) at a 
velocity related to fibre diameter (see Table J) and resistance®!“*, which 
leads to progressive catelectrotonic depolarization of the membrane. 
The local electrical activity set up as this process sweeps along the 
nerve represents the so-called ‘eddy currents’, the presence of which 
is evidenced inter alia by the saltatory movement of the impulse across 
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various types of regional nerve block up to 1 or 2 mm in width***’, and 
by the fact that an alternating electric field stimulates only that portion 
of a bent nerve lying parallel to the applied field®?'. As implied earlier, 
the reversal of membrane potential represents the discharge of the 


Table I. Some Properties* of Nerve Fibres which Vary with Diameter 





Fibre diameter Conduction velocity Spike duration 


Fibre group 
grou m/sec msec 





120 to 5 
15 to 3 
2 to o°6 


unmyelinated 





* After GrunpresT™ 

membrane EMF, and this takes place in the region of the cathodal 
pole of the stimulating electrical system. If the threshold is exceeded 
by the charge applied as stimulus, the remaining membrane EMF is lost 
automatically by virtue of an unknown process which is quite unrelated 
to the magnitude of the applied charge. 

This discharge of membrane EMF is the process of depolarization, 
during which the local eddy currents flow into the depolarized zone 
from the adjacent non-depolarized regions of the nerve. Thus the 
depolarized zone functions as a cathodal ‘sink’ into which current flows 
from adjacent ‘sources’ (Figure 8). These currents then induce further 





Figure 8. Diagram of potential 
changes and current flow around an 
activated region of nerve (stippled 
zone). It will be seen that the external 
Action currents current flow is from the polarized 
membrane (source) into the de- 
polarized zone (sink), and that the 
advancing front of the action poten- 
tial has a shorter time course than the 
following falling phase. Arrow indi- 
cates direction of propagation. 
After Ltoyp”.) 











5 ike potential 

spread of depolarization, as they are several times the strength required 
to bring the resting membrane potential to its discharge threshold (see 
Lioyp,” for further discussion of these points); and it is the spread of 
this zone of depolarization along the nerve that is signalled by the rise 
and fall of the action potential spike (Figure 8). 

The length of nerve occupied by the zone of depolarization at any one 
moment varies with its diameter”, ranging from 5 to 6 cm in large mam- 
malian fibres down to a few millimetres in the smallest (unmyelinated) 
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nerve fibres; and there is a critical area for each nerve which must 

be depolarized before a propagated impulse is fired off*!. Thus at any 

one moment an activated nerve is occupied by a zone of impulse 

activity sweeping along it, and the length of the zone and the speed 
Sociol ioni dined: 





| 
’ 
| 


Figure 9. The phases of heat pro- 

duction in nerve in relation to activa- 

tion, according to Hiw’s theory. 
From Lioyp'”.) 











of its passage both depend upon the diameter of the nerve”. The time 
course of the action potential spike which signals the passage of these 
events was previously thought to be more or less the same for all 
fibres”***, with a rising phase lasting about 2°5 x 10% sec; but more 
recent work shows (see 7able J) that this also varies with fibre diameter, 
ranging from o*5 msec for large fibres to about 2°0 msec for small fibres. 

Theoretical considerations”.** suggest that the action potential 
possesses a waveform (exponentially rising) which permits it to be 
propagated with minimal expenditure of energy. By derivation from 
RASHEVSKY’s?’ equations, OrFrNEeR finds that the action current is 
given by 


k, exp [(Z—R)/R] kt raw fa 


where / is the peak action current and R is the rheobase value, and he 
concludes that if J is twice R then propagation of the action potential 
will occur with minimum energy. As BLArR®*:” found the ratio //R to 
be about 2, it would seem that, theoretically at least, the passage of an 
impulse imposes a minimal drain on the energy reserves of nerve. 
The metabolic details of the phase of propagation are not yet fully 
understood, although the complex impedance and potential changes 
accompanying the passage of an impulse indicate that something more 
than simple ionic shifts is involved”?. Nevertheless, some information 
concerning the energy aspects of propagation can be derived from 
data on heat production 797:1%!°l” At rest, nerve produces about 
4°14 10° cal/gm/min, and following excitation there is an in- 
crease in heat production which takes place in three phases (Figure 9) 
and long outlasts the duration of the stimulus and the resulting action 
potential. The initial heat, produced very rapidly after the beginning 
of stimulation, averages about 7 x 10° cal/gm for a single impulse 2.e. 
about 3 erg/gm of nerve. Following this, slower production of heat 
continues (even after the cessation of stimulation), the rate of heat 


oO” 
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production falling exponentially for some five or more minutes after 
initiation of a single impulse. With increasing frequency of stimulation 
the heat production of nerve can be pushed up to about 10 erg/gm per 

impulse. Calculation”? shows that this represents the minute value of 
ee 
energy of the stimulus required to elicit the _Tesponse (in frog’s sciatic 
nerve the latter value is about 0°25 erg/cm? 

NACHMANSOHN"?!® attempts to explain the whole process of propa- 
gation on the basis of cyclical formation and destruction of acetyl- 
choline (by choline acetylase and cholinesterase respectively), which 
depolarizes the membrane (see BULLOCK et alti!°’, NACHMANSOHN'©8!) , 
But the many onyections to this as the complete explanation are sum- 
marized by GERARD?" and LorENTE DE NO"; and further details of 
this complex argument may be sought in the references cited*!!"°. 

The studies of HopckKin and Rusnron'!! and LorENTE DE N6o!!:*4 
suggest that most of the electrical phenomena of propagation behave 
according to the cable theory of core conductors, and may be explained 
by an ae ition of the original theory of HERMANN!!?"!4and CREMER!}», 
LORENTE DE NO has demonstrated longitudinal a forces in 
the cores of nerve fibres, which are reversed in polarity during the 
passage of an impulse. The physicochemical ies that occur in 
membrane and core appear to be mutually interdependent and, 
according to LorRENTE DE NO, neither resting potential nor the 
phenomena of excitation can be explained without reference to both 
systems. However, a closer approximation to the situation of nerves in 
living organisms is achieved if the experimental concept of a nerve 
fibre as a linear insulated conductor is abandoned and replaced by a 
concept considering it in terms of volume conductor theory. This view 
has also been subjected to experimental analysis by LoRENTE DE NO, 
who has shown that, if a special technique be used, the electrical field 
of a travelling nerve impulse (Figure 10) may be plotted as a series of 
isopotential contours, the perpendiculars to which represent the lines 
of current flow. This contour map produced by direct examination 
closely resembles the theoretical potential distribution about a dipole 
in a conducting medium (cf Figures 21 and 24). 

On the basis of these views LorENTE DE NO (loc. cit.) suggests that 
the potential difference V,,, across the membrane during current flow 
may be expressed in the form 


erg/cm? of nerve surface, which is ve ry much less than the 


rx "x 
Vn = rt,dx+ ] 1mt,dx 


where 7, is the external fluid current, 2, is the axoplasmic current, 1, is 

the external fluid resistance per unit length, and r, is the axoplasmic 

resistance per unit length. ScHoEPFLE""*, attempting to take into account 
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the ionic shifts (vid. sup.) that occur during electrical stimulation of 
nerve, has derived from the above equation an expression for the time 
course of excitability at paracathodal regions 


dx/dt = C(y).(Ps—x) — (x) ccocill 


where y is the concentration of cation accumulated across membrane 


7 aspera alee ea a) 
,cm TL cm. 
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Figure 10. The electrical field surrounding a travelling nerve impulse, 

in terms of volume conductor theory. Isopotential contours are graded 

with arbitrary units of potential. Lines of current flow are indicated with 

arrows. Distances on ordinates and abscissae indicate traverse of travelling 

electrode (t.e.) in two planes at right angles about nerve (n.). 
From LoRENTE DE N6o"'.) 

capacity in proportion to membrane voltage, x is the fraction of a 
membrane constituent P (original concentration Po) which combines 
with cation» to form a complex (i.¢. y + P——.x,) which renders the 
membrane unstable if present in sufficient concentration; C and & are 
velocity constants. Whether or no SCHOEPFLE’s extrapolation is valid 
remains to be determined experimentally, as the biochemical pheno- 
mena in nerve during excitation do not seem to follow precisely the 
laws of mass action. Another objection to this relation is the fact that 
multiple ionic shifts are probably concerned (vid. sup.) in cathodal 
depolarization—but the expression could be elaborated to take account 
of this. 

Restitution to the resting condition begins locally immediately the 
impulse has swept on. It is again a complex and incompletely under- 
stood metabolic process”:*”7 requiring energy (derived partly from 
adenosin-triphosphate metabolism) and producing many times more 
heat! !° than the initial events of excitation. A number of stages in 


129 


PIB Il—9 





BIOPHYSICAL ASPECTS OF NERVOUS FUNCTION 


recovery have been identified'!; but they fall into an immediate 
recovery phase lasting a millisecond or less!!\!!""8, during which the 
nerve is completely inexcitable at all parameters of stimulation (abso- 
lute refractory period), and a later longer phase (relative refractory 
period) during which excitability gradually returns to normal, often 
oscillating to produce delayed after-potentials*”'°, The total duration 
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Figure 11. Time course of excitability during post-activatory recovery. 
Ordinate represents excitability as percentage of resting threshold: abscissa 
indicates interval between conditioning and testing shocks. Note alter- 
nation of supernormality and subnormality in upper curve, and summation 
of subnormality (lower three curves) in response to 3, 7 and 23 shocks at 
gO, 250 and 250 c/s respectively. Supernormality lasts about 15 msec after 
absolute refractory period, and subnormality lasts about another 50 msec, 
the former being related to negative after-potential, and the latter to 
positive after-potential. (From GassER and GRuUNDFEsT’™.) 


of the refractory period is approximately proportional to chronaxie’®, 
and hence is a function of excitability®:!!7'2!)!?2, 

Just as spike potential production is related to the Q fraction of 
electrotonus, so after-potential production is related to the L frac- 
tion!!-35-”9, During the period of after-potential production, which may 
last about 80 to 100 msec in mammalian A fibres for example, the 
threshold of excitability oscillates from supernormality to subnormality 
and back again (Figure 11). During this period the membrane gradu- 
ally recharges itself by some means at present unknown, although, as 
Lioyp” says: “The process of recovery of the membrane resting potential 
after the conduction of impulses is associated with the same transport 
of charged particles across the membrane as may be produced by 
externally applied current. The difference is that the nerve, after 
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impulse conduction, must supply by its own metabolism the energy 
that is supplied during electrotonus by the external, or polarizing, 
battery.’ 

The chronological order of phenomena so far identified in electric- 
ally excited nerve tissue may now be summarized as follows: 

1 Change in metabolic equilibrium, with migration of ions at cathode 
and anode 
Local active response (pre-potential oscillations) and electrotonus, 
with local impedance changes 
Change in polarization of membrane and of nerve core, with reversal 
of resting membrane potential 
Discontinuous response (action potential take-off 
Self-propagating eddy currents and conduction of impulse (full 
action potential) 

» Absolute refractory period, with beginning of metabolic recovery 
Relative refractory period, with positive and negative after-potentials 
Restoration of resting membrane potential and final recovery of 
excitability 
Delayed metabolic recovery phenomena. 

Further details relevant to the subjects discussed in this section of the 
article may be sought, in historical perspective, by way of the reviews of 
Hiv? !-10la K a to!*4, Bisnop*”47*# Katz, GERARD*®:29:36 125 OC’? LEARY!?9, 
Curtis and Core!’-!9 Hertz”, Grunprest’*+!3° Eccries?!}3!, van 
HARREVELD and WurELpon!”, LLtoyp”:!-33-135 Brarr® and Curtis!**; 
in the symposium edited by NAcHMANSOHN'*; and in LORENTE DE 
N6’s!'! monumental treatise. 


MULTIPLE NEURONES 
Trans-synaptie excitation and inhibition 
Having considered some of the events that take place in the neuronal 
unit, the next problem concerns what happens when numbers of such 
units function in series or in parallel. From the preceding discussion it 
will be apparent that events in the single neurone are relatively fixed 
and stable in a constant physicochemical environment. The properties 
of graduation and variation of response characteristic of the organism 
are therefore vested, to a large extent, in the interneuronal junctional 
mechanism. 

This mechanism is the synapse, which term defines the junction of 
the axon terminations of one neuronal unit with the dendrites or cell 
body (soma) of another, a junction which is structurally discontinuous. 
The junctional relations between neurones may be monosynaptic or 


polysynaptic, arranged in series or in parallel, in closed or open chains, 


or as recurrent (reciprocal) series; and a series of neurones may be 
convergent or divergent (see Figure 12). Details of these various synaptic 
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patterns are given by RAMON y Caja!®, LoRENTE DE N67-*!4-! and 
SzeNTAGOTHAI', It is the variety of the transynaptic linkages that 
confers lability upon neural activity, but at the same time renders 
physical analysis of synaptic events so complex. 
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Figure 12. Some varieties of synaptic patterns found in the central 


nervous system. Arrows indicate direction of impulse propagation. 
After LoRENTE DE N6”'38 and Lroyp"™,) 
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Functional dissimilarity of synaptic components. —The fundamental proper- 
ties of any synaptic junction will obviously depend upon the properties 
of the pre-synaptic fibre and the post-synaptic neurone (soma and 
axon)—and these may be widely different. Previously it was thought 
that in any individual neurone soma and axon functioned as one in 
terms of excitation and conduction; but recent work suggests that this 
may not be so. For example, the nerve cell and its axon do not consti- 
tute a biochemically homogenous unit, there being qualitative differ- 
ences in metabolism between soma and axon!!.37.!4-5. A metabolic 
gradient appears to exist along the soma-axon unit, evidenced inter 
alia by the differential rates of uptake of radioactive phosphorus along 
the nerve'*®, This may bear upon the suggestion made earlier**!47°8 
on other evidence (see Liner and Gerarp'*?*°), that each nerve cell is 
polarized longitudinally, the dendritic pole being negative relative to 
the axonal pole. That aggregates of nerve cells were negative relative 
to aggregates of nerve fibres has been known ever since Caton!! 
demonstrated the relative negativity of the grey matter of the brain: 
and similar observations have been made for the spinal cord'**> in 
which the polarity of the grey and white matter can be made to oscillate 
reversibly in response to changes in the supply of available oxygen. 

More recent work lends support to the view that there are functional 
differences between axon and soma. Thus Brooks and Ecctes’*%, 
comparing the results of orthodromic and antidromic activation of 
spinal motoneurones during asphyxia and barbiturate anaesthesia, 
showed that the effects of these agents on electrical activity differed in 
soma and axon. Again, Ecces and his co-workers'***, in the course of 
a study of potentials generated in motoneurones by antidromic volleys, 
have provided evidence for excitability differences between soma and 
axon. Thus the soma possesses oscillatory properties and a spike 
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potential different from those of the axon, the soma spike (duration 
¢ 1 msec) being about twice the duration of the axon spike. Previously 
LORENTE DE NO* had demonstrated that the soma membrane re- 
polarizes faster than the proximal axonal segments, and that impulses 
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Figure 13. Schematic representation of lines of current flow (arrows 
about a propagated disturbance flowing into the end of a pre-synaptic 
terminal. Dotted lines are isopotential contours; hatched area is zone of 
depolarization, the peak of which is indicated by an arrow. Note that the 
direction of current flow relative to a post-synaptic soma membrane 
reverses as the actual zone of depolarization passes from the penultimate 
region of the terminal (figure a) through its extremity (figure b). 
(From Brooks and Eccves ™. 
traverse the soma at a velocity about 50 times slower than in the axon. 
Any analysis of synaptic phenomena must therefore take into account 
possible differences in the properties of the three elements (pre-synaptic 
terminal, post-synaptic soma and efferent axon) upon which trans- 
mission of impulses depends. The functional dishomogeneity of these 
related elements has not yet received general acceptance e.g. see 
Lioyp'™, but continued physical and chemical analysis lends in- 
creasing support to the possibility!'””. 
Potential ph ena during synaptic transmissi This secti leals 
olential phenomena during synaptic transmission us section deals 
exclusively with the electrical events in synaptic transmission—no 
discussion of the various chemical theories of central synaptic trans- 
mission is given, the details of which may be sought by way of recent 
reviews293!: 103-6, 108-9, 131, 137, 154-8 
Fundamentally, synaptic transmission is accomplished by the arrival 
of impulses at pre-synaptic terminals inducing local depolarization in 
the post-synaptic soma membrane. If conditions are adequate for 
excitation, this depolarization sweeps over the soma membrane into 
the axon, which then discharges and fires off a zone of depolarization 
to sweep down its whole length in the manner described previously. 
Under these circumstances depolarization of the soma membrane is 
then the essential trigger for the firing-off of impulses along the axon; 
analysis of the processes whereby the former event is accomplished is 
therefore of fundamental importance in the understanding of synaptic 
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Figure 14. a Spinal cord action potentials produced by an afferent volley 
set up by a just maximal stimulus (arrows indicate stimulus artefacts). All 
three recordings are simultaneous. Negativity indicated by upward de- 
flection. a Ventral root potential b Focal (synaptic) potential ¢ Dorsal root 
potential. Note that initial anodal deflection in } reaches its peak just after 
the maximal dorsal negativity in c, and is followed by a cathodal phase 
from which a second larger negative deflection takes off after a brief delay. 
b Focal potentials, as in 6 above, showing the growth of the three com- 
ponents of the synaptic potential with increasing intensity of stimulation. 
In d stimulus intensity is just supraliminal, and increases from d to A in 
steps of about 10 per cent, being maximal in fA. Potential scale as in 6 and 


c above. (From Brooks and Ecc.es”.) 
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transmission. The account given here is based primarily on data provided 
by LoreNnTE DE N6O!!:34137,138,140,159 7 royp!!0.133-5,10-4 RensHaw', 
Ecces!%3!,131,157,166-8° Br arr, BuLLock!®”:!®, and their associates. 

It has already been pointed out that transmission of an impulse 
along a nerve is accompanied by a travelling zone of depolarization 
which functions as a sink into which currents flow from adjacent 
(polarized) membrane sources. As this sink approaches an axonal 
termination which lies in contact with the membrane of a _post- 
synaptic cell, the electrical field set up by the flowing currents will 
traverse this membrane, which then functions locally as an anode 
(Figure 13) by virtue of the direction of flow of current. Thus a record 
of the potential changes at the synaptic junction (focal potentials’) 
shows an initial anodal deflection, the time course of which is repre- 
sented by the first derivative of the monosynaptic spike potential. 

This is followed, in the focal potential record (Figure 14), by a 
deflection in opposite phase, which represents the period during which 
the oncoming zone of depolarization occupies the end of the pre- 
synaptic terminal (Figure 13). At this stage, currents are flowing from 
the penultimate region of the pre-synaptic fibre (source) into the end 
of that fibre and into the underlying area of post-synaptic soma 
membrane, which then becomes a sink and so undergoes local depolar- 
ization, with local flow of currents from adjacent membrane sources 
into the subterminal sink. 

Thus the early potential changes of synaptic transmission constitute 
a diphasic event, first anodal and then cathodal; and these oscillations 
to this point are not associated with discharge down the axon of the 
post-synaptic cell’*°, The amplitude of the cathodal phase at first sight 
appears to be half as great as that of the anodal phase; but according 
to Eccres!® the latter event is intensified by the rectification properties 
of the soma membrane, and when allowance is made for this, such a 
great divergence in amplitude is not apparent. 

The cathodal phase of the focal synaptic potential represents local 
depolarization of the soma membrane; but such depolarization would 
only produce a discharged rent in the membrane some 2 yu in diameter, 
so it is unlikely (on account of the sharp spatial decrement) to fire off 
a propagating disturbance over the whole membrane, although the 
threshold of the soma membrane is locally depressed. Thus a number 
of such rents requires to be set up simultaneously in order to achieve 
the critical depolarization'® of 10 mv. If this is achieved a second (and 
larger) cathodal deflection takes off from the cathodal phase of the 
focal potential, and this represents the detonation of the whole soma 
membrane, the local zones of depolarization merging into one an- 
other; and catelectrotonus sweeps over the soma membrane into the 
axon and so initiates the post-synaptic nerve impulse (Figure 14). 
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It is apparent from the foregoing description that in terms of this 
theory, the question as to whether or not an impulse will be initiated 
in the post-synaptic unit will depend on the relation between the 
threshold of the soma membrane and the spatial geometry of the pre- 
synaptic terminals (although Biarr® discounts the significance of the 
latter factor). The studies of LorENTE pE N6!37*! showed that the 
pre-synaptic terminals from any one fibre are closely arranged over 
small areas of the post-synaptic soma, so activation of a single afferent 
fibre is likely to produce a small mosaic of sinks which will quickly fuse 
as a result of flow in the short circuits of electrotonic current. 

But as monosynaptic junctions are rare in actual fact'”, the more 
usual synaptic arrangement consists ofa post-synaptic membrane which 
receives afferents derived from numerous pre-synaptic elements. This 
introduces a third complication into the problem of synaptic trans- 
mission- viz the time relations of the events of the synaptic potential 
cycle, by virtue of the initial diphasic response. As anelectrotonus has 
a suppressive effect on membrane excitability as compared with 
catelectrotonus, it is apparent that the temporal dispersion of anodal 
and cathodal phases through the mosaics related to different sets of 
pre-synaptic terminals will help to determine whether or not local 
depolarization grows to involve the whole membrane (thereby initi- 
ating an impulse in the axon) or else decrements locally without 
further spread. Thus the initiation of the axon spike potential depends 
inter alia upon the algebraic sum of all the anelectrotonic and cat- 
electrotonic local potentials set up in the membrane of the parent soma. 
The observations of SvAETICHIN'® on single ganglion cells are, so far, 
in accord with the above views. 

Some data are available on the time relations of the various phases 
of the synaptic potential (given in the references cited earlier). Thus 
there is a latent period of 0°20 to 0°35 msec representing conduction 
in the intraspinal portion of the pre-synaptic fibres before the synaptic 
potential begins. This represents a rate of conduction”, 12 to 20 m/sec, 
about 10 times slower than that in the extraspinal segments of the 
same fibres'®'?, Reference to Table J will indicate that as a consequence 
of the relation between conduction velocity and fibre diameter this 
slowing is probably accounted for by finer and finer branching of the 
fibres as they approach their terminations. 

The initial anodal deflection of the focal synaptic potential is of brief 
duration (0°3 to 0°4 msec) and is followed by the cathodal deflection 
which has a rising time of about 1 msec. The half-decay period of the 
synaptic potential averages 1°5 msec with an exponential fall such that 
a value of 1/e is reached in about 2 msec. The synaptic delay 2.e. the 
interval between the arrival at the synapse of the active phase of the 
pre-synaptic impulse and the onset of the cathodal synaptic potential, 
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is around 0*4 msec (see Brooks and Eccxes’*° for method of deter- 
mination of these values). 

Further implications of this theory are discussed in the sections 
dealing with inhibition and with mathematical analysis; but it now 
seems that three interrelated factors determine whether or no trans- 
mission will occur through a synapse: 

The threshold of the post-synaptic soma membrane 

The spatial geometry of the pre-synaptic terminals subtended upon 

the soma membrane 

The mutual temporal relations of the phases of potential generated 

beneath the various clusters of pre-synaptic terminals. 
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Figure 15. The time course of in- 
hibition of spinal motoneurones by 
primary afferent volleys. Ordinates 
represent degree of inhibition in 
percentage of maximum; abscissae 
indicate interval between condition- 
ing and test volleys. (From Litoyp'®.) 
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Theory of inhibition—Inhibition is a puzzling phenomenon which has 
been known for over one hundred years without much light being shed 
on its fundamental nature. Its essential quality was defined by Gasser!” 
as ‘the stoppage or prevention of action through the temporary 
operation of a process which does not harm the tissue’. Thus although 
inhibition is usually identified by a decrease in amplitude or reversal 
of some reaction, in itself it is an active process; that is, it is increase in 
some kind of activity which opposes the processes of excitation. 

From the biophysical aspect no difference between nerve impulses 
mediating inhibition and those mediating excitation has ever been 
demonstrated! apart from their opposite end results. On the other 
hand, there are probably several types of inhibition functioning in the 
nervous system, so analysis of one type may not necessarily lead to 
explanation of all types. Up to the present there has been no satis- 
factory explanation of these conflicting difficulties, but recently an 
approach has been made to the problem by way of precise measurement 
and analysis of potential changes at monosynaptic regions; and this 
has led to the elaboration of a biophysical theory of central inhibition”. 

Using the monosynaptic spinal reflex, LLoyp'®** has been able to 
compare the effects of afferent volleys mediating inhibitory and exci- 
tatory end results, the time relations between the afferent inhibitory (I) 
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and afferent excitatory (E) volleys being carefully adjusted for different 
IE intervals. This reveals the inhibitory process at the post-synaptic 
element as being disphasic, having an incrementing phase lasting some 
0°5 msec followed by an exponential regression which falls to a value 
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of 1/e in about 4 msec (Figure 15). Detectable effects of diminishing 
magnitude last up to 13 or 14 msec. It may be noted that the half-decay 
period of this inhibitory curve is similar to that of the facilitatory 
curve'®, which also has a value of 1/e of about 4 msec (Figure 16). 

As the inhibitory curve seems to be a mirror image of the curve of 
facilitation (see Figure 17) at the same monosynaptic junctions, it 
would appear that an afferent volley mediating inhibition does so by 
depressing the excitability of the efferent 7.e. post-synaptic, units over 
the same time course as that over which it is raised by an afferent volley 
mediating facilitation. This in turn leads to the conclusion that both 
I and E volleys activate a similar mechanism, but in opposite directions, 
and raises the problem of how this is accomplished. 


700 


Figure 17. The relation between 
the inhibitory curve of Figure 15 (I 
and the facilitatory curve of Figure 
16 (E), demonstrated by plotting on 
the same coordinates. 
(From Brooks and Eccies”.) 
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Brooks and Eccies’-” offer a theoretical explanation based on an 
extrapolation of their theory of synaptic transmission outlined in the 
previous section. Previously RreNsHaw'® had suggested that the 
blocking action of inhibitory volleys at synaptic junctions was exerted 
at the pre-synaptic terminals; but Brooxs, Ecctes and Matcoim’® 
found that inhibition occurred in the absence of pre-synaptic blocking. 

138 





MULTIPLE NEURONES 


As against this, the Brooks-Eccles theory postulates that the locus of 
inhibition lies in the post-synaptic membrane, in which anelectrotonic 
foci produce local depression of excitability and so limit the spread of 
catelectrotonic depolarization from beneath excitatory pre-synaptic 


Figure 18. Diagram illustrating the 
principles of the Brooks-Eccles theo- 
ry of central inhibition. (M) re- 
presents the post-synaptic soma of a 
spinal motoneurone: (E) indicates 
the pre-synaptic facilitatory termi- 
nals; (I) represents the inhibitory 
terminals synapsing with the soma of 
a Golgi u cell (G) the short axon of 
which synapses with (M) at (X). 
Lines with arrows indicate paths of 
current flow at the moment of ac- 
tivation of (G) by impulses arriving 
in (1). The membrane of (M) in the 
region of (X) thus functions as a 
source relative to the Golgi sink (G). 
From Brooks and Ecc.ess”. 








terminals. Eccies and his colleagues!?3!:4-%:52-3 have now accumu- 
lated an impressive body of quantitative data in support of their 
hypothesis, and no contrary data have so far appeared, although 
attempts have been made at modifications of the electrotonic theory of 


inhibition e.g. see GESELL ef alii'”, GERNANDT and GRanit!”!, Biarr®, 


Brooks and Eccres’*'*? postulate that the anelectrotonic foci, re- 
ferred to above, are induced in the post-synaptic soma membrane by 
the flow through that membrane of dense currents from the contiguous 
terminations of subliminally activated small interneurones of the Golgi 
II type, of which there are large numbers in the spinal cord and in 
other parts of the nervous system (¢f LORENTE DE N6!7*:'4!, Ramon 
y Cajat’?), The pre-synaptic terminals of the Golgi cells are applied 
to the post-synaptic membrane, interspersed amongst terminals from 
larger (facilitatory) afferents—about 35 per cent of the membrane 
surface is covered by these terminals. 

The theory postulates that while excitatory fibres terminate directly 
on the post-synaptic membrane of effector neurones, inhibitory fibres 
synapse with Golgi m cells. Activation of these inhibitory fibres then 
induces minute sinks on the soma membrane of the Golgi u cells, in 
the manner described previously, so that currents flow from the non- 
excited 7.e. terminal part, of the Golgi cells (source) into the soma, with 
potential oscillations similar to those observed in facilitatory trans- 
synaptic stimulation. As the axons of the Golgi cells are short (not 
more than 1 mm in length) the local current flow about them is very 
dense, and the lines of current flow will traverse the membrane of 
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contiguous post-synaptic effector elements to set up anelectrotonic 
foci (Figure 18). 

These foci, by virtue of the mutual geometrical relations of the 
terminals of the Golgi cells and of facilitatory afferents, will then be 
interspersed among catelectrotonic foci set up beneath the latter 
endings. As anelectrotonus depresses the excitability of nerve mem- 
branes, the spread of catelectrotonus will be limited by the related 
anodal foci if the mutual time relations of excitatory and inhibitory 
volleys are optimal. Comparison of the initial phases of the curves in 
Figure 17 reveals that the rising phase of inhibition reaches its peak 
about 0°5 msec after the maximal point on the facilitatory curve, while 
inspection of Figure 14a and b in the previous section shows that the 
synaptic potential requires about 1 msec to rise in its cathodal phase 
to the point of spike take-off. Therefore if inhibition is to be effective, 
the anelectrotonic foci must be set up within this one millisecond, as 
inhibition does not influence the induction of local sinks under facili- 
tatory terminals so much as the spread of these sinks over the soma 


membrane”. 

No impulse is discharged from the Golgi cell during this period—it 
merely functions as a sink in an electrical field. When it does discharge an 
impulse, the Golgi-post-synaptic junction, from being a source becomes 
a sink, and a cathodal focus replaces the local anode. This should lead 
to secondary facilitation—and Eccxes advances this as the explanation 


of the secondary (post-inhibitory) facilitation observed by Lioyp'®*, 


Interneuronal electric fields 
It will be at once apparent that the Brooks-Eccles theories of synaptic 
excitation and inhibition raise a point of considerable biophysical 
significance. This concerns changes in excitability induced not by an 
impulse flowing along a continuous element, but by electrical fields 
radiating from one activated neuronal unit to another which is ana- 
tomically discrete from the first. This is a particularly vital link in the 
theory of inhibition, in which it is postulated that inhibition is trans- 
mitted to a cell by way of a neurone (Golgi u cell) which transmits no 
impulses to that end, but merely functions as a sink in an electrical 
field, flow of current within which is the effective agent for inhibition. 
As the Brooks-Eccles theory has been criticized on the basis of this 
postulate (e.g. see BLAIR®), and as it has wide implications for any 
general biophysical interpretation of nervous function, it seems worth 
while to review briefly additional data relevant to the problem of 
interneuronal electric fields. And it may be of interest in passing to 
recall that many years ago MeEsmMeR and other protagonists of the 
doctrine of ‘Animal Magnetism’ postulated the existence of extra- 
organismal electrical fields, while contemporary schools of so-called 
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‘para-psychology’ utilize a more particularized theory of electric fields 
radiating from the central nervous system to explain phenomena such 
as ‘thought transference’ and ‘extra-sensory perception’. 

Mention has already been made of the electrical field set up by lines 
of current flow around a nerve during the passage of a nerve impulse 
along its length, and further data on these lines are provided by 
Hopekxin’s*** analysis of the lines of current flow beyond a nerve block 
(extrinsic potential). In addition, earlier workers (e.g. JASPER and 
Monnier!”, Katz and Scmar'”?, ARVANITAKY**!4, Ec cLEs!*!) have 
shown that action potentials induced in one nerve fibre may fire 
anatomically separate fibres in the neighbourhood, setting up the 
so-called ephaptic potentials. 

Again, it has been shown (Lipset et alii'#?*°'7>) that a steady potential 
difference of about 2 to 10 my is maintained between the pial and 
ventricular surfaces of the brain, the tissue of which is polarized so that 
the pial surface is negative relative to the ventricular surface. The spinal 
cord is similarly polarized'*°; and the careful studies of contemporary 
Swedish phy siologists!” 76-1848 indicate that alterations in the polarization 
of the spinal cord have profound effects on the excitability of its reflex 
mechanisms and on the potentials generated in its reflex arcs. 

Finally, it has been shown by GERARD and Liper’*:’'® that the slow 
potential waves set up in the frog’s brain by the application of caffeine'* 
traverse the brain unaffected by nicotine (which blocks central synaptic 
transmission—LiBetT and Gerarp'**’) or by complete transection of 
the isolated organ. If the brain be completely divided with a sharp 
razor, and the cut surfaces re-apposed, the caffeine waves pass unim- 
peded from pole to pole of the brain. 

These observations taken together raise the possibility that some of 
the local and remote effects of activation of neural aggregates may 
depend not only upon direct activation of irritable discrete anatomical 
units, but also upon indirect activation by way of intercellular electric 
fields. Some e.g. SpERRyY'**, have denied the practical importance of 
these phenomena, but further attention should be paid to the problem: 
especially as sufficient data are now available to indicate that the 
Brooks-Eccles theory does not involve a hypothesis of electrical field 
phenomena for which there is no support from other directions. 


NEURONES EN MASSE 
Previous sections of this article have attempted to analyse some of the 
biophysical aspects of nervous function in terms of single neurones and 
of small groups of neurones related by synapses. Now consideration 
must be given to the properties of such cells when functioning in very 
large numbers, as in the brain, in which the number of cells is said to 
be around ro! (HerRrIck!*?), 
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When large numbers of neurones are found in combination as a 
functional unit, they are also found to possess special properties which 
cannot as yet be explained by simple extrapolation from the theory of 
the individual neurone model. Thus the properties of a neuronal aggre- 
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a b c 
Figure 19. Action potentials in frog’s sciatic nerve after soaking for two 
hours in an isotonic mixture of mono- and di-sodium phosphate solutions. 
a Random repetitive firing and response to shock of 50 per cent intensity 
of threshold shock for normal nerve b Oscillating responses to maximal 
shock ¢ Oscillating responses to supramaximal shock. Stimulus is rectan- 
gular pulse of duration o*°1 msec. (From ToMAN””,) 


gate as a whole represent something more than the sum of the properties 
of the component individual elements, at least in the present state of 
knowledge. Two categories of these special aggregate properties will 
be presented here—the spontaneous electrical activity of the brain, 
and the special reactions of the brain to electrical stimulation, the first 
in brief outline the latter in more detail. 


Spontaneous electrical activity of the brain 

The spontaneous production of slow regularly oscillating potentials is 
a property possessed by all neuronal aggregates in all species in which 
neurones function in groups, from the optic ganglion of the water 
beetle to the brain of man cf ApriAn'’, Moreoever, under standard 
resting conditions these potential oscillations possess a remarkable 
uniformity of frequency and waveform wherever they are found, the 
rhythm usually lying between 7 and 12 c/s. The original observations 
on man were made by Bercer'??* and ApriANn et alii''-?; further 
details may be sought in Gress and Grpps'” JAsPER*”® and HiLt and 
PARR™!, 

So far it has not been possible to demonstrate continued spontaneous 
potential oscillations in individual neural elements, although Toman? 
has demonstrated prolonged reverberatory activity in frog’s nerve 
under special conditions of stimulation (Figure 19). Continued spon- 
taneous oscillations of potential, however, have been recorded in 
isolated segments of the spinal cord 7°, and in the isolated brains of 
the goldfish? and of the frog!§?:203,206-7, 

In the normal human brain, although the dominant resting (alpha) 
rhythm is readily identifiable in the occipital (and at times some other) 
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regions of most individuals at about 10 c/s, other frequency bands 
are recognizable also, with distribution peaks in different regions of 
the brain. Thus in the frontal lobes faster (beta) frequencies at 16 to 
32 c/s are commonly seen, while the temporal regions sometimes 
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(especially in immature individuals) may show waves at 4 to 6 c/s 
(theta waves). On occasions***"!° much faster frequencies may be seen 
(up to 1,400 c/s), while in infants or in the presence of various abnormal 
conditions, very slow (delta) frequencies may occur at less than 3 c/s 
in almost any area of the brain. Careful analysis shows that the fre- 
quency distribution is never uniform over the whole surface of the 
waking brain?!!?, and that this frequency asymmetry becomes first ex- 
aggerated, but is finally abolished, during deepening unconsciousness*””, 


In addition, the frequency patterns observed on the surface of the 
brain are not always synchronous with the spontaneous oscillations 
recorded from within the brain itself?!*°. 

Some attention has also been paid to the distribution of the potential 


fields around and within the brain. Thus Gerarp’s'*?*° early obser- 


vations on the steady DC potential maintained through the thickness 
of the cerebral hemispheres have already been mentioned, while 
Liset!”:?!” has studied DC potentials at the brain surface, and has 
demonstrated that oscillation of this potential (usually steady at about 
10 mv) is accompanied by frequency changes in the spontaneous 
electrical activity of the cortex. Similar observations on man are 
reported by GoOLDRING ef alii". 

WALTER”? postulates that the cerebral electrical system may be 
considered as a sphere with an internal generator, the latter producing 
a radiating electrical field which appears on the surface of the head. 
On the basis of this he represents the system as an alternating resistance 
network (Figure 20), the attenuation being about fiftyfold for normal 
rhythms recorded at the scalp. He further suggests that the internal 
generator may be represented as an alternating dipole in a conducting 
medium (Figure 21), which permits application of the theory of 
volume conductors. On the basis of this the potential gradients at the 
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surface of the brain may be represented as a solid (Figure 22), points 
at similar heights then being equipotential. 

Wa ttTER has utilized electrolytic models of the brain to illustrate 
these points, but direct studies of potential field phenomena have been 


Figure 21. Theoretical electrical field set 
up about a dipole situated in a conducting 
medium. Solid lines indicate current flow— 
dotted lines are isopotential contours (at 
right angles to lines of current flow). 
From WALTER?”.) 


made on the living brain. Thus Brazier” has charted the potential 
fields at the surface of the human head, and has demonstrated changes 
during the onset of sleep which suggest that the fields of voltage 
distribution occur around a dipole with the voltage on an axis normal 


| Potentio/ 


Figure 22. Diagram repre- 
senting the hypothetical elec- 
trical situation at the surface 
of the brain, if the latter be 
considered as a_ spheroidal 
volume conductor containing 
a generator. Isopotential lines 
are then represented as con- 
tours on the hillock. 
(From WALTER”.) 





to the direction of the dipole (Figure 23). More elaborate consideration 
has been given to the problem by BisHop~!, who applies the suggestion 
made earlier by Liser and Gerarp'*™ that a potential difference is 
maintained across the soma of individual neurones in the axonal- 
dendritic plane (in addition to the membrane potential, the field of 
which is at right angles to that of the longitudinal cell potential). 
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The time course of the spontaneous potential variations produced 
by the nervous system is very much slower than activity set up in 
axons, so BisHop agrees with GrRARD*’ that central nervous system 
activity in this respect is predominantly that of cells, not of axons. 


Awoke Asleep 


’ 


Figure 23. Schema of the le Vr 
electrical field at the surface 1-2)" 
of the head at the moment | 
indicated by the arrow in 
the tracings of cerebral elec- 
trical activity on the right. 
Numbers indicate deriva- 
tion of tracings. Recording 
on left shows activity from 
same derivations before 
going to sleep. 
(From BraAziER”®,) 





BisHoP also observes that whereas potential records of 1-cell species are 
monophasic, those of cell groups (related through synapses) are often 
diphasic, the polarity of the maximal deflection depending on whether 
the sampling electrode is nearer the axonal or the dendritic poles of the 
cells (presuming that they are arranged in more or less symmetrical 


layers). On the basis of this he envisages three geometrical situations 
(Figure 24) in which the predicted electrical fields and potential 
changes correspond fairly well with those observed in experimental 
records, and which correspond with three types of cellular arrange- 
ment in the nervous system. This important contribution is of funda- 
mental significance, for it represents an organized attempt to correlate 
potential form with anatomical orientation, a correlation so far lacking 
for neuronal aggregates, and it forms a significant extension of the 
earlier basic studies of LoRENTE DE N6O!37-*:'° along similar lines. 

The conclusion to be drawn from all these studies is that both 
cerebral cortex and the deeper nuclear structures are capable of 
independent spontaneous activity, thus accounting for observations 
such as those cited earlier on the asynchrony of cortex and deep nuclei 
and on the spontaneous beat of isolated cortex (¢f GERARD and YouNG”™”, 
KRISTIANSEN and Courtots*”) but that in the normal resting condition 
the deep nuclei (mainly thalamus) impose their influence upon the 
cortex é¢.g. CHANG*’, Under abnormal conditions the direction of this 
influence may be reversed. Thus neurones en masse seem to be capable 
of spontaneous self-excitation, and the potential changes recorded 
therefrom are probably the profiles of potentials from single cells 
multiplied many times®’. 
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This interpretation merges with AprRIAN’s!” view that the resting 
alpha rhythm is the result of the fortuitous synchronization of large 
groups of cortical neurones spreading from smaller ‘pace-maker’ 


clumps of cells**. It is opposed, however, to BREMER’s”*>-?27* view that 








Figure 24. Diagrams of the potential fields set up in a conducting medium 
about variously oriented active sources. a Simple dipole field about 
structure in which the constituent units are oriented all in one direction 
b Field about structure in which constituent units are oriented radially 
c Field about a theoretical structure of absolute spherical symmetry. Such 
a field is completely self-contained d Field about a flat plate in which the 
constituent units are oriented at right angles to the plate. 

Geometrical situations analogous to those in a, b and d may be found in 
the nervous system. 

Diagrams a’, b’ and d’ depict the potential changes which would be 
encountered by an electrode moving through the related field in the 
direction of its — axis, with reference to a remote electrode. In sym- 
metrical geometrical situations this latter electrode is at the potential of 
the line (0) i.e. at a potential half-way between that of the + and — poles 
of the field. In asymmetrical cases e.g. b, the reference electrode is at some 
potential x which has a value intermediate between zero and that of one 

of the poles in the field. (After BisHop”*'.) 


the spontaneous rhythms represent envelopes of membrane potential 
fluctuations and axonal potential volleys. These two theories may be 
taken as the extremes of contemporary opinion regarding the origin of 
the spontaneous electrical rhythms of the brain, between which there 
are many gradations. But the fundamental aspects of this problem 
remain as yet unsolved. 

One other theoretical aspect of the spontaneous brain rhythm 
deserves noting here. This is the notion, proposed by Pirrs and 
McCutiocn™ and WatrTER*?”9, that the alpha rhythm functions as 
a scanning mechanism analogous to that of a television system. Further 
mention will be made of this in the section on mathematical analysis: 
but some experimental support for such a view is provided by the 


146 





NEURONES EN MASSE 


observation of KrpBLeR and RicuTer~’ that the initiation of voluntary 
movements may be related to the phase of the alpha rhythm. 

Finally, a recently introduced method of analysis of the spontaneous 
activity of the brain must be considered. This is the technique of 
frequency analysis, which was originally performed by laborious 


mathematical methods*°? but can now be conducted by means of 
automatic analysers*”:**8, The information to be gained from such a 
breakdown of cerebral rhythms cannot be detailed here, but it must 
be mentioned that such analysis makes it plain that these rhythms are 
not simple fundamental frequencies, but are complex compound 
oscillations often containing several harmonics and sub-harmonics”’. 
Thus the record of an apparently regular oscillation derived from the 
brain may contain several components, each possessed of its particular 
amplitude, frequency and phase relations to the other components. 
Further details may be sought in the references cited, and in WALTER”, 
and WALTER and WALTER”; but at least it would seem that the 
results of frequency analysis may be related to the findings of BisHop”?! 
referred to earlier, indicating a polyvalent origin for the resting rhythms 
of the neuronal aggregates of the brain. 


Electrical excitation of the brain 

Electrical methods form the most widely used activating technique 
employed in contemporary cerebral physiology; and as their efficient 
use depends on an accurate knowledge of the biophysical principles 
involved, they will be discussed at some length here. 

Electrical stimuli may be applied to the external surface of the head, 
as in electroconvulsive therapy e.g. HEATH and NorMAN”*!, to the 
pia-covered surface of the cortex, or at various depths within the brain. 
Monopolar or bipolar electrodes may be used, held manually or in 
special holders (Figure 25) or stereotaxic carriers é¢.g. SPIEGAL and 
Wycis*?4, or buried within the brain and subsequently activated 
directly’, or else indirectly by setting up an electrical field about a 
coil attached to the implanted leads****. With monopolar stimulation 
the threshold is usually lower than with bipolar stimulation, because the 
resulting electrical fields are mainly at right angles to the cortex in the 
former, and more or less parallel to it in the latter*’. Also, the pressure 
of the electrode on the cortex is an important factor if threshold values 
are in question, as increasing pressure causes a local temporary increase 
in excitability*™, due to asphyxia, before its final decline to zero as the 
cells die. 


Stimulus generators—Active research in biophysics and electronics over 


the last few years has made available many types of apparatus for 
delivering electrical stimuli to various parts of the nervous system, with 
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the result that the experimenter can choose between many current 
forms (see Figure 26) for cerebral stimulation. The stimulus parameters 
to be considered when approaching any problem of electrical stimu- 
lation are the shape of the wavefront, the individual pulse duration, the 


tie 


Figure 26. Diagrams of the fundamental circuits and characteristic out- 
puts of some of the stimulus generators referred to in the text. a Mechanic- 
ally interrupted DC b condenser discharge ¢c sine wave generator (mains 
operated) d induction coil e simple thyratron generator. 
From Erickson and Gitson*? 


individual pulse amplitude (pulse strength) and the pulse repetition 
rate (pulse frequency). In the ideal stimulator, all these factors should 
be variable with complete independence; but in practice, considerations 
somewhat short of this may suffice. The properties of some representative 
types of stimulators will now be described briefly: 


Induction coils. These (see Figure 26d) are unsuitable for precise work, because 
pulse duration varies with pulse strength, and the latter is also affected by tissue 
impedance acting through the secondary coil: in addition, as a consequence of 
the vibrating contacts, there are random fluctuations in wave shape, strength and 
frequency. Nevertheless many workers have used this apparatus with success for 
cerebral stimulation, and while suitable enough for simple topographic explo- 
ration, such as was carried out by FERRIER***’ and ForERsTER**, the inductorium 
is inadequate for quantitative studies, a difficulty long since pointed out by 
BusnorFr and HEmENHAIN?” 

Constant current and condenser discharges. Early attempts to get away from induction 
coils led to the use of constant current circuits (see Figure 26a) incorporating a 
circuit breaker and variable resistances***~*'. Another method, developed originally 
by French workers”, utilized graduated condenser disc harges (Figure 26b); and 
this technique is still employ ed in some laboratories and operating theatres”. But 
such a system, again, has an output current the characteristics of which are 
seriously affected by the applied tissue load (q.v.), and it becomes difficult to vary 


148 















































NEURONES EN MASSE 


pulse strength and frequency independently of pulse duration, a fact which has 
sometimes been overlooked in studies of the electrical threshold of the brain based 
on this method. 


Valve oscillators. The next major technical advance stemmed from the develop- 
ment and application of the gas-filled triode valve by radio engineers*®. This, 
incorporated in valve relaxation oscillator circuits evolved from time-base sys- 
tems**”’ which were later modified in various ways**°, resulted in more ac- 
curate instruments for biological stimulation than were previously available. In 
such apparatus the pulse is of the condenser discharge form, and again its dura- 
tion is rather sensitive to variations in frequency. Moreover, as pointed out by 
Grey WALTER and Rircuie*”, further difficulties are likely to be raised rather 
than solved by the introduction of power transformers and power output valves. 


Thyratron stimulators. This instrument (Figure 26e) is a further extension of the 
use of the gas-filled triode. The system may be incorporated in a wide variety of 
circuits, and in the hands of some designers?”’~? has reached a high pitch of effi- 
ciency. But the output frequency of the ordinary thyratron is often unstable, while 
the real current intensity can only be determined by repeated calibration of each 
instrument; and mutual parameter independence does not meet the requirements 
of modern quantitative work unless special modifications are introduced. But 
provided its limitations are realized, the thyratron stimulator is most useful as an 
instrument for routine qualitative work such as the activation of epileptogenic 
foci or crude delineation of the excitable ‘motor’ cortex, and has been most 
productive of information in the hands of workers such as PENFIELD?”~** and his 
colleagues. 


Sine wave generators. In spite of the objections noted above, and discussed in more 
detail later, many workers stimulating the cerebrum still employ instruments 
such as the inductorium, thyratron stimulator or sine wave generator (Figure 26¢ 
without any check calibration on a cathode ray oscilloscope and without inter- 


preting their results in terms of the limitations of their instruments. 

Recently a new sine wave generator was proposed for general neurosurgical use 
in cerebral stimulation experiments?”; while previously WATTERSON*” had stated 
that mains AC possessed the characteristics which are required to stimulate the 
cerebral cortex. As will be seen, this is not so if optimal characteristics are implied. 
And while sine wave generators may suffice for identification of a ‘motor’ cortex 


or activation of epileptogenic foci***~*, they cannot be used for accurate cortical 
‘mapping’ or any of the precise studies that are now required of the student of 
cerebral physiology. 

Moreover, such instruments may be dangerous for human work unless special 
precautions are taken (see Erickson and Gitson***), with risks of mains surge 
through the apparatus and the possibility of cortical burning. With an ordinary 
60 c/s sine wave generator, a current of 2 to 5 ma applied for about 2 seconds is 
usually required to excite area 4 in the unanaesthetized human brain; but in 
depilation therapy as little as 0°5 ma may be enough to destroy a hair follicle if 
applied for about 5 seconds. When instruments delivering sine wave currents are 
utilized for electroconvulsive therapy, about 150 ma is passed for about 1 second: 
but the currents are applied to the surface of the head through pad electrodes 
with a large surface area, thus reducing the risks of burning. 


Tissue damage. OFFNER® has given theoretical consideration to the problem of 
waveform and tissue damage. Assuming damage to be proportional to heat 
generated, the latter is given by 


Bina hs Pdt ee 


where J is the current applied from time ¢ = 0 to time ¢ = f, and a is a constant. 
Thus the optimum quantity /.t is that which gives a minimum value for H, at the 
same time satisfying the conditions of excitation implied in 
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Ey, = Kexp (—kt) : I exp (kt) dt 


from which OFrFrner deduces the value 

[= 2k E,exp (kt) / K} exp (kty) — exp (—kty) | Pes 
For H to have a minimum value (equal to 2akE,? / A*), the minimal current is 
given by 


Tnin = 2k Eyexp (kt) /K Sas ta 


which suggests that the waveform capable of stimulating while using least power 
and therefore least likely to cause damage) is an exponentially rising current. 
Such pulses are difficult to generate: but the more readily produced square waves 
are the next preferable shape from this point of view, as OFFNER calculates that 
they require only 22 per cent more power to excite than the theoretically 
optimal current (cf experimental findings of WoopBury and SwinyArRp**>), 

Similar calculation for the exponentially falling current produced by the 
standard type of thyratron stimulator indicates that it requires about 85 per cent 
more power to stimulate than the exponentially rising pulse, and 51 per cent 
more than the optimum square wave, its value for Hmin being given by 


Hnin= 3°694 akE,? | K? ‘eee ted) 


Sine waves require several times more power than any of the above current forms**° 
and hence their value for Hj, is higher again, with still greater risk of tissue 
damage. 


Generator characteristics. The more general aspects of neural stimulation have 
been reviewed by Lutures**’, Wyss and Oxsrapor®*, Katz, Erickson and 
Gitson*** and Gitson and Erickson***; while several workers* have recently 
carried out experiments in an attempt to provide better instruments. Some of the 
results still incorporate earlier defects, but others (see, for example, GREY WALTER 
and Rircuir’”) have been more obedient to the quantitative requirements 
of modern neurophysiology. The aim of the more critical designers has been to 
produce apparatus which can provide stable stimuli with adequate mutual 
parameter independence. 

An instrument representative of such experiments is that described by Grey 
Wa ter and Rircuie. This is a power multivibrator, producing a pulse which is 
for all practical purposes rectangular; while pulse duration, pulse amplitude and 
repetition rate are variable with sufficient independence. This type of instrument 
seems suitable for most cerebral stimulation studies, although still further precision 
and flexibility are required in order to undertake accurate studies of the relative 
thresholds of the diflerent regions of the brain. 


For present purposes, however, the requirements proposed by GREY 
Wa Ter and RircuHre would seem adequate as a basis for the design 
of instruments for routine use. Their criteria are summarized here for 
convenience, although modifications have to be made for special 
experimental circumstances: 

1 Pulses should be constant in voltage or current within 20 per cent at 
any output setting, fora load resistance range of 5,000 to 100,000 ohm 

2 Pulse amplitude to be adjustable from zero to 10 v 

3 Pulse duration to be variable in steps from 0°02 msec to o’1 sec 


* FENDER29%a, GOLDBERG29!, SKOGLUND292, BAUWENS289~90, RaHM293~4, GooDWINn271~2, DEnNNy295, RiTcHIe296~7, 
Potiock et alii298, Grey WALTER and Ritcuie279, GoLpseTH and Fizzevv299, 
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Repetition rate to be adjustable from about 1 pulse per second to 
1,000 per second 
To be suitable for either galvanic or faradic stimulation 

} Pulse shape to be preferably rectangular (or, failing that, expo- 


nential). 


Effects of tissue load—The highly reactive nature of the load imposed 
on the stimulator output by cerebral tissue has often escaped notice in 





oupply Woveform 





Voltage 
Figure 27. Diagram to e 
show the dissimilarity of 
voltage and current wave- 
forms produced by constant Current 
current and constant volt- 
age circuits incorporating 
a capacitive reactance (see 
text for details). 

From Grey WALTER and Voltage 
RITCHIE””.) 





























physiological experiments: and even some physicists*” have considered 


neural tissue as ‘a purely resistive load’. 

But the fallacy of this has been pointed out on several occasions. ‘Thus 
studies on the vector impedance of neural tissue were presented by 
BRAzIER*” and Horton and vAN RAVENSWAAY~™!; while more detailed 
consideration has been given to the problem by Cote and Curtis!'2”* 
and Grey WALTER and Rircuir?”. The latter workers emphasize that 
living tissue has in fact considerable reactance, the effect of which they 
suggest may be summarized by an equivalent circuit having a resist- 
ance of about 10,000 ohm shunted by a capacitance of about 0°02 uF. 

They point out that if the stimulated tissue were to constitute a 
purely ohmic load on the output, measurements of waveform made 
separately with constant current and constant voltage circuits should 
be identical under similar experimental conditions. This, however, is 
not so. On the contrary, with constant voltage output the current 
waveform tends to the differential of the voltage waveform: while with 
constant current outputs, the voltage waveform tends to the integral 
of the current waveform (see Figure 27). As GREY WALTER indicates, 
this is what would be expected theoretically if, instead of being a purely 
resistive load, living tissue displayed a capacitive reactance. 
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Of importance in determining this reactance are tissue resistivity 
and tissue impedance. But nervous tissue, even in the non-stimulated 
state, is never electrically inert (vid. sup.) ; and in irritable cells possessing 
such sub-threshold spontaneous electrical activity, the simple ohmic 
relations expressed by 


Va 2 


where JV is the potential difference across unit area of tissue, E is the 
electromotive force maintaining it, R is the internal resistance of the 
system and J is the current density, do not apply. Particularly will 
this be so with the cerebral cortex. It therefore becomes necessary to 
seek a relationship between applied electrical stimuli and the resistivity 
‘or impedance) of the self-activated system on which the stimulus is 
imposed, which will be applicable to cerebral excitation. 

If the cellular aggregates in the cerebral cortex are considered as a 
random distribution of cylinders, parallel to each other and perpen- 
dicular to the direction of the applied electrical field (as obtains with 
bipolar stimulation), the theoretical treatment suggested by Cor and 
Curtis'?7-8, based on experiments of CoLe*-3 and Coe and Curtis™, 
may represent the resistivity of the system more accurately. This 
geometrical assumption is not out of harmony with modern views!4!:30%7 
regarding cellular orientation in the cerebral cortex (of the pre-central 
region, at least). 

Representing the volume concentration of cells in the postulated 
cortical cylinder as « where 9 = 2 a*/A*, a being the mean cell radius 
and A the length of the enclosing cylinder, resistivity obeys the relation 


1—yr,/r 1—r,/1r, 
= £ ae on tee 


Il+n,n/r ‘1l+n/n 


the derivation of which is given by Cote and Curtis'’?’. They then 
proceed to the general expression 
(l—¢) n + (vy +2) ("2 } 

i= Nita) > 7 ante 
for the resistivity of a cylindrical or spherical cell suspension, where r 
is the resistivity of the tissue, 7, the mean resistivity of the intercellular 
electrolytes, r, the resistivity of the cytoplasm, 7; the mean surface 
resistivity of the cell membranes, a the mean cell radius or major semi- 
axis, and 9 the volume concentration of cells in the tissue aggregate. 
The factor y is a shape factor, equal to unity if the cellular geometry 
assumed above obtains, so for the cerebral cortex expression 14 reduces to 


2) (m+ 75/4) 
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Recent experimental work has permitted estimation of most of the 
electrical parameters of cells'8, amongst which the following ranges 
obtain for those utilized in the above expressions: 

r' — ¢ 100 ohmcm in mammals 

r>— ¢ 300 ohmcm in mammals 

r> — ¢ 1,000 to 10,000 ohm/cm?. 

From this it emerges that the flow of DC through an aggregate of 
irritable cells depends primarily upon membrane resistances and cell 
concentration. These factors then become significant variables in the 
determination of excitability, and they will have a reciprocal effect on 
the characteristics of an applied stimulus. Additional experimental 
observations in support of these theories may be found in the work of 
SpreGAL and Henny*®, 

Expressions for the determination of the relations of tissue impedance 
during the flow of variable currents may be derived (after CoLE and 
Curtis!*78) by extending Ohm’s law to incorporate capacity and 
inductance elements. For example, with sinusoidal pulses applied to 
the geometrical system defined above, the impedance z is given by 

1—o)r,+ (1+ > e 
= 7; ose te 
1+ p)r,+ (I—) (n+ 
2m is the mean surface impedance of the cell membranes. If the 
cell membrane is considered to have a fixed capacity without leakage 


where 2 


resistance (g.v.), then at low frequencies of stimulation the tissue 
impedance approaches a pure resistance (7p) such that 


and at high frequencies a pure resistance r_, such that 


I—p) 7, + 


r 18 


—f7 ‘ 
ie '(1+p) 7, + | 


More complex waveforms than the sine wave may be treated by 
resolution into harmonics of the fundamental frequency, considered as 
terms in a Fourier series. The impedance may then be determined for 
each of these applied frequencies: while the corresponding potentials, 
when summed, have an envelope equivalent to the resultant waveform 
of the evoked potential. 

Thus it appears that the application of an electrical stimulus to 
neural tissue is a reciprocal process, a reactive load being thrown on the 
output of the stimulus generator at the same time as various changes 
(vid. sup.) are induced in the recipient tissue. This has important conse- 
quences in the selection of optimal waveforms for threshold studies 
e.g. see OFFNER®, and in the interpretation of the results of their 
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application. In this tissue reactance, the aggregate of individual cellular 
resistivities and impedances becomes a significant factor capable of 
influencing and of being influenced by the stimulus. 


Significance of stimulus parameters—Each type of stimulus generator 
described above produces a different waveform e.g. see Figure 26. Thus 
the galvanic current, unless manually or mechanically interrupted (e.g. 
Po.iock et alti”*) may be regarded as a pulse of infinite duration; 
while the faradic pulse is roughly exponential (although more or less 
distorted by damped oscillations) with a biologically effective period of 
about 1 msec. Condenser discharges (basically of exponential form) 
may be varied by altering the internal circuit of the generator, but 
most of them are of the ‘saw-tooth’ variety, usually with a much longer 
effective period than 1 msec (often 50 msec or more). Some workers*!° 
have preferred sine wave generators, while more recently rectangular 
or square pulses of various durations have been employed. 

Effects of variation in pulse strength 7.e. amplitude, are well known 
and constitute the most frequently studied stimulus variable. Less 
familiar are the differential effects of frequency variation (q.v.); while 
waveform is a factor which has not yet received adequate attention as 
such. Indeed, it is still not uncommon, in reports of cerebral stimulation 
studies, to find no precise statement of the waveform employed, nor 
adequate instrumental data from which it might be computed. Because 
of the variety of stimulating apparatus now available and the consequent 
importance of precise knowledge of stimulus parameters, it would be 
helpful if each report of the effects of electrical stimulation were to 
embody an oscillographic tracing of the basic waveform generated by 
the instrument employed, together with a numerical statement of its 
characteristics and any variation thereof during the experiment. 

Owing to the variety of stimuli employed, few of the studies on 
cerebral stimulation availabie at the present time are experimentally 
comparable. Thus, to take the human motor cortex as an example, 
KrauseE*!! employed the faradic current; ForrsTEer?*, both galvanic 
and faradic currents; PENFIELD et alti7’*’, galvanic, faradic and thyra- 
tron pulses of various forms; ScarrrF*!’, faradic and thyratron pulses; 
and Bucy?!® and WALKER”***4, 60 c/s sine wave current. 


a Some effects of various waveforms. More attention has been paid to 
the fundamental aspects of the problem of waveform by workers in the 
fields of electro-shock therapy and electrical anaesthesia, and some of 
their findings* are germane to the present discussion. 

* See SpreGAL313, HEMPHILL AND WALTER3!4, ALEXANDER and LOwenBAcH?!5, FrostiG et alii316, Wi_cox3!7-8, 


SpreGAL-ADOLF ef alii319, Liperson320-!, LiseRsoN and WILCOx286, OrFNeR95, ToMAN et alii322-4, WoopBURY 
and SwinyArp285, LoRIMER et alii325, 
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OFFNER’s” view that exponentially rising currents should be most 
effective for cerebral stimulation has usually been accepted. But 
recently this contention has been challenged by Baup and FLeEiscuH*™”, 
who found that some selectivity of convulsive effect could be obtained 
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by changes in waveform, rectangular pulses being the most effective. 
ArrEFF*’ has also reported that the optimum pulse duration for 
threshold convulsive activity in man lies between 0°5 and 5 msec. 

Nevertheless, OFFNER’s theoretical conclusion seems to be substanti- 
ated when more precise experimental data are considered, although 
the practical difficulties of generating his optimal waveform have 
already been noted. Thus in the monkey, Wyss and Osrapor*® found 
that the optimal rising phase of the pulse varied between 7 and 30 msec 

with total pulse duration of 35 to 100 msec) in different portions of 
the motor cortex, differential responses being elicitable by variations 
over this range (Figure 28). In general, they found that the longer period 
was required for threshold activation of responses in more proximal 
limb muscles, distal muscles being more responsive to shorter pulse 
durations. Wyss** found that ipsilateral motor responses were most 
readily elicited from the cortex with exponential pulses of somewhat 
shorter rising phase, with a total pulse duration of about 20 msec and a 
frequency of 2 to 4 c/s: while Davey**™ has reported that longer rising 
phases (but with total pulse duration still 20 msec) are optimal for 
elicitation of intestinal effects from area 8 (q.v.), progressively shorter 
pulses being less and less effective. 

In general, the longer the pulse duration the lower the pulse ampli- 
tude required for threshold stimulation of the motor cortex. When 
pulses with an exponentially falling phase are employed, BAmLey and 
Sweet”? find that a decay period of 8 to 12 msec gives optimal results 
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in monkeys anaesthetized with Dial: and the pulse amplitude varies 
accordingly. 

More recently, Kaapa**’ has studied the effects of square waves on 
the motor cortex. With a fixed pulse duration of 10 msec, he finds that 
twitches of single muscles, or even of individual motor units, may be 
elicited from the monkey’s brain by repetitive single pulse stimulation. 
The response seems to have a remarkable similarity to the isolated 
twitches obtainable from the classical nerve-muscle preparation. 

Further work on these lines is reported by LippELL and PutLuips*"*, 
who find that when stimulus parameters are carefully adjusted, 
individual motor units can be made to follow cortical or medullary 
pyramidal stimulation for long periods of time. Using square pulses of 
long duration (20 to 30 msec), they find that rhythmic following of 
cortical or medullary corticospinal tract stimulation can be induced 
in single motor units: but when the pulse duration is reduced (to about 
10 msec) this following becomes arhythmic, with long latency and later 
recruitment of response. When very brief pulses are used (duration 1 
msec or less), frequencies above 350 c/s are required to elicit motor 
effects, although the fibres in the unstimulated corticospinal tract** 
show steady firing at 10 c/s (but without producing movement). 

Conversely, stimulation of the medullary pyramids with pulses of 
varying duration and intensity is accompanied by variations in the form 
of the evoked cortical potentials****, Progressive shortening of the pulse 
duration from that originally capable of evoking the complete anti- 
dromic response removes the secondary oscillations, leaving a pure 
diphasic response: finally this diminishes and then disappears. Similar 
observations were also made by Forses et alii>*. 

Examples of differential motor responses with still other configu- 
rations of waveform may be cited. Thus Hrnes***’ observed, in 
macaques, that if liminal sine wave current is used, the anterior limit 
of the ‘primary motor cortex’ lies at the cytoarchitectonic junction 
between areas 4 and 6. But if faradic current is employed, the physio- 
logical border moves rostrally into the posterior border of cytological 
area 6. KENNARD**® and SmirH*” have also noted that areas 6 and 8 
require a pulse of longer duration for threshold stimulation than does 
area 4. WALKER and WEAVER*™? demonstrated that while 60 c/s sine 
waves will elicit only transient ocular movements from area 18 (q.v.), 
pulses with a rapidly rising phase and a slow decay period produce 
more pronounced effects: while McCuL.Locx™! finds that elicitation of 
motor responses from the post-central region is optimal, in the presence 
of pre-central facilitation, with pulses having a sharp rising phase and 
a decay period of 5 to 10 msec (at 1 to 10 c/s). 

More recently Sacus et alii* have found that variation in waveform 
during stimulation of the orbital surface of the monkey’s brain may be 
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accompanied by alterations in blood pressure. Changes in the duration 
of particular pulse formations over a range of 0°1 to 20 msec did not 
lead to significant variations in blood pressure. But while square waves 
with adequate characteristics produce a fall in blood pressure, pulses 
with an almost instantaneously rising phase and a logarithmic decay 
period (at the same amplitude and frequency) lead to a rise in blood 
pressure, from the same regions. The optimal pulse duration for the 
elicitation of these effects was found to lie between 5 and 10 msec. 

Kaapa ét alii*? have similarly examined the temporal lobe and uncus 
in monkeys for respiratory and blood pressure effects. Using square 
waves, they found that in this region the optimal pulse duration for 
both types of response was of the order of 10 msec, at frequencies of 
about 40 c/s. 


b Waveform and excitability. The chronaxie of the cortical motor cells 
is estimated at about o*1 msec*®*:*4, with a refractory period lasting 
about 0°2 to 0°5 msec**:*4; while NoEL*™®, using pulses fixed in duration 
and intensity, found that cortical after-discharge was maximal at 
stimulating frequencies between 20 and 30 c/s. That the relative 
refractory period may long outlast this value of 0°5 msec is suggested 
by the observation** that excitability had only returned to one third 
of its peak value after this time, when tested with two successive equal 
shocks separated by 0°5 msec. But it must be borne in mind that while 
the average chronaxie value of the motor cortex may be of the order 
of o*1 msec, regional differences in excitability within this area are 
reflected in differences in chronaxie. Thus, using condenser discharges, 
Wyss and Osrapor*® found the cortical chronaxie for proximal limb 
muscles in the anaesthetized monkey to be about twice that for distal 
muscles. 

As stated earlier, with the apparatus now available, pulses of 
rectangular or square form would seem to be the most suitable for the 
detailed studies of regional cerebral excitability and topography that 
are so urgently required*; although they do not possess the theoretically 
optimal form (cf Curtis and Core’, Orrner®). But the essential 
problem for such studies is to determine the minimal amount of 
electrical energy required to activate the cellular aggregates being 
investigated, and then to deliver this in the most economical form and in 
a manner least likely to produce permanent cellular changes (vid. sup.). 

That waveform alone may have an important influence on the 
energy required to elicit a given cerebral response is indicated above, 
and receives additional illustration in the experiments of WoopBuURY 
and SwinyArpD*® on the convulsive seizure threshold in rats. They 
found that with sinusoidal pulses the energy requirements were 42 per 
cent greater than with rectangular pulses of 0°5 msec duration at the 
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same frequency, in order to produce the same response (¢f OFFNER’S? 
calculations, referred to earlier). Also, Lrppay and Scorr** showed 
that the quantity of current required for threshold stimulation of nerve 
and muscle decreases as the current pulse is shortened: while pulse 
duration has been related to chronaxie by OrFNer®. By integration 
from equation 10 above, and putting 4 ©, he finds rheobasic current 


to be given by 


= ki, / i Lo ee 


rheo 
from which the relations of chronaxie are found to be 


2kEy kE, 


k K} 1— exp (—ft) | 


t pron = 9°69 /h Tere)? 
Hence the duration of a square wave of optimal intensity must be 1°82 
times chronaxie, in order just to exceed the threshold of excitation. 

The best method of estimating the energy requirements for cerebral 
threshold stimulation cannot be finally settled until more precise data 
are available for the brain. LaAprcgure** approached the problem in 
nerve and muscle by measuring the rheobasic strength required for 
threshold activation, doubling it and then reducing the stimulus 
duration until it was again only just effective, thus deriving the time 
relation of excitability which he called chronaxie. Using square waves, 
the strength/duration plot of single neurones is represented by a 
hyperbolic curve (Figure 29) algebraically expressed as 


y=a/x+) irr 6 


where y mais the pulse peak strength, x msec is the pulse duration, a is a 
constant related to the curvature of the hyperbola and 4 is the rheobase 
strength*!*:*, In terms of quantity, this equation therefore becomes 


Q=a-+ xb -ba0 498) 


Lapicgue’s method. gives neither the energy requirements nor the 
stimulus parameters directly. But by first estimating the values of 
rheobase and chronaxie, using square or rectangular pulses for the 
latter, the energy requirements may be derived by substitution in the 
equations. 

LasALLE**! suggested a different excitability index, which is a 
function both of the time relations of excitability and rheobase value, 
an index given by the square of the rheobase 4 multiplied by chronaxie, 
so that 
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As Grey WALTER and Rircuie?” point out, this latter expression has 
the dimensions of energy, and would seem to be a better represen- 
tation of the energy requirements for cerebral stimulation. 

Toman et alti have collected strength/duration data (Figure 30) 
for the development of the convulsive excitatory state, in relation to 
stimulus parameters, in the brains of various animals and man. They 
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Figure 29. A_ representative 
strength/duration curve for 
normal peripheral nerve in 
situ, with a rheobase value of 
15 v and a chronaxie of 0025 
msec, plotted logarithmically. 
(From Grey WALTER and 
RiTcHieE?”, ) 














conclude that the energy required to attain this state is expressed by 
QO = /*.2z1 ise tee 


where Q is the energy needed to produce the required cerebral result, 
I is the current flowing, z is the interelectrode impedance and ¢ is the 
time of current flow. This has obvious similarities to LASALLE’s equation 
24 above, although it is based on the assumption (probably not quite 
true, vid. sup.) that z remains constant during the time ¢ that the current 
I is flowing. ToMAN concludes, if this assumption be granted, that the 
energy required, Q, approaches a constant value for short durations of 
stimulation, as /*t then becomes proportional to Q. 

In order to calculate the stimulus parameters just sufficient to satisfy 
the energy needs of a particular cerebral response that is being studied, 
it may be worth-while first to assess the excitability requirements and 
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then substitute in the relevant equations. Certainly some such procedure 
is needed to stabilize the many variables associated with electrical 
exploration of the cerebrum and the determination of its threshold. 


c Effects of pulse repetition rate. Having resolved upon waveform, and 
pulse duration and pulse amplitude ranges, the experimenter must 
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consider what frequency of pulse repetition, in relation to these stimulus 
characteristics, is needed to satisfy the energy requirements of the 
neural system being stimulated. 

According to Ericxson**, the optimal range of frequencies for 
cerebral stimulation has been variously stated by different workers to 
extend as low as 25 c/s and as high as go c/s: and occasionally even 
wider limits have actually been used. After long experience, Hines*” 
considered that she obtained the best results on the anaesthetized 
chimpanzee’s cortex with go c/s sine wave current: while many workers 
on the brain of the macaque under Dial anaesthesia regarded 50 or 
60 c/s current as giving the best motor responses. Qualitative exploration 
of the unanaesthetized human cortex has been most frequently carried 
out with frequencies of 60 c/s, often selected arbitrarily or for con- 
venience of mains operation, and usually with little attempt to relate 
repetition rate to pulse form or duration. 

Such arbitrary frequency selection is open to objection when quanti- 
tative or precise qualitative studies are to be made. Hurt’s*’ criticism 
of 60 c/s sine wave current, on theoretical grounds, as well as its 
possible dangers in human work, have already been noted: while the 
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practical importance of careful attention to frequency selection is 
evidenced by numbers of recent experiments, examples of which are 
given below. In spite of this, as recently as 1945, GREY WALTER and 
Rircute*”, while emphasizing the significance of pulse duration and 
waveform as measures of biological excitability, stated that ‘frequency 
variation as such is of little physiological significance’. The physiological 
importance of the individual pulse characteristics has already been 
indicated. That frequency variation as an independent variable is also 
of moment in studies on the brains of both animals and man, it is the 
object of the present section to demonstrate. 

Frequency variation, of necessity, must be partly a function of pulse 
duration, frequency having meaning only in terms of the intervals 
between successive pulses. Beyond certain limits, depending on the 
particular generator and other pulse characteristics, variations in pulse 
duration and repetition rate will therefore have a reciprocal influence. 
Again, it must be remembered that even in many modern stimulators 
(and often in spite of manufacturers’ claims to the contrary) frequency 
variation outside certain band limits may produce concomitant alter- 
ations in pulse duration or amplitude, as referred to earlier. It is there- 
fore important that the limits of such mutual parameter dependence 
be known accurately for each individual apparatus, and considered in 
interpreting experimental results. Probably the most reliable method 
of achieving this is to have the output of the stimulator continuously 


monitored by a cathode ray oscilloscope, in parallel with the subject. 

In recent years some investigators have begun to pay special attention 
to differential frequency effects in the study of cerebral physiology 
with electrical stimulation; and some of the relevant findings are 
discussed here in terms of the regions of the brain to which they apply. 


t Motor responses from area 4. Such studies have now thrown some 
light upon the old problem of the variability of muscular response 
obtainable by repeated stimulation of a single focus in the pre-central 
gyrus. Commented upon first by BuBNorr and Hemennarn*?, and 
noted also by Exner**?, Lamacg* and Franz*, this phenomenon was 
later studied in detail, using the faradic current from an inductorium, 
by GRAHAM Brown and SHERRINGTON?” and Leyron and SHERRING- 
TON*’, As a result of these observations SHERRINGTON and his colleagues 
suggested that some of the variations in response might be related to 
the parameters of stimulation, in addition to other factors such as 
depth of anaesthesia and antecedent facilitation. But in spite of these 
and later suggestions** along the same lines, WALsHE*?*!, impressed 
by the discordant observations reported by various workers over the 
years (many of whom seemed to have forgotten SHERRINGTON’s warning 
about stimulus parameters), was led to develop an empirical theory of 
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the central representation of movement which he attempted to equate 
with HuGuHuincs JAcKson’s earlier deductions”, the result of clinical 
observation influenced by the principles of HERBERT SPENCER. Similar 
instability of response in the sensory cortex has also been reported?’, 

However, in the last two years more specific attention has been 
devoted to the effects upon cortical motor responses of variation in 
stimulus parameters, including frequency. Reviewing the problem 
anew, LIvINGsTON and FuLTon*® were led to reiterate that some of the 
puzzling variations in muscular response that may result from repeated 
stimulation of a single cortical point might be related to frequency of 
stimulation. Other experimental observations pointing to the same 
conclusion had also been presented, for various animal species, by 
Boynton and Hines**, WALKER and GREEN*®, GaRoL*®, BAILEY ef 
alui*®’* and Detcapo et alii*®. 

More detailed evidence, however, is now available. BAmry*®”3” 
demonstrated that whereas contractions of the facial muscles could be 
evoked from all of face area 4 by stimulation at 12 c/s or more, reduction 
of frequency to 10 c/s or less (without change in other parameters) 
produced, from the same area, only movements of the tongue. Pre- 
viously, Hines and Boynron*”! and Hings*’, in the course of their study 
of the maturation of excitability in the brains of foetal and infant 
macaques, had noted (using sine wave currents) that both idiokinetic 
and holokinetic types of movement (as well as chalasis, or relaxation of 
tone) could all be elicited from the same focus in area 4, at four months 
of age, by selective adjustment of stimulus frequency. Also RosEn- 
BLUETH and Cannon*” and Osrapor*”, using pulses of fixed amplitude 
and duration, were able to demonstrate critical frequencies in dogs and 
monkeys for the production of particular motor responses and con- 
vulsive reaction patterns from various regions of the brain: while BosMa 
and GELLHORN*”*, employing condenser discharges, showed that the 
phenomena of inhibition, reciprocal innervation and co-contraction 
could be differentiated at various foci in the motor cortex, for individual 
muscles, by varying the pulse parameters, with special attention to 
frequency. ForrsTEr**, in the face of considerable criticism, had al- 
ready indicated, some ten years earlier, that responses in single muscles 
or parts of muscles could be elicited from the human cortex by electrical 
stimulation, bysuitable variation ofthe stimulus characteristics;although 
his observations were limited by the apparatus then at his disposal. 

More precise studies are now provided by DeLGapo*”™*. Exploring the 
motor cortex with varying parameters of stimulation, he has shown 
that both ipsilateral and contralateral muscular responses may be 
elicited from the same cortical focus, selectivity depending upon the 
stimulus frequency. The ipsilateral limb responses appear with low 
frequency stimulation; while increase in frequency, other parameters 
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remaining unchanged, converts the effect into a contralateral response. 
Similar differentiation of ipsilateral and contralateral eye closure from 
the upper face area had previously been noted by Smrrn**?:*7°, DELGADO 
also found that, in man, extension of the wrist elicited by stimulation 


Figure 31. Schematic repre- 
sentation of the pattern of ex- 
citability within the cortical 
representation of four muscles. 
Symbols represent the cortical 
motoneurones innervating 
each of the muscles, and circles 
indicate the spatial decre- 
mental spread of spheres of 
excitation, which overlap at 
their fringes. The magnitude 
of the response of each of the 
muscles to stimulation of two 
cortical foci (A and B) at 
gradually increasing intensities 
is indicated below (see text for 
details). 
From CHANG et alii*”.) 


at 30 c/s could be converted into flexion by activating the same focus 
at 60 c/s, no responses being obtained at intermediate frequencies. 

WaLtsHE*?*:377 has long maintained that cortical representation is 
in terms of ‘movement patterns’ rather than of individual muscles: and 
in 1947 he concluded that ‘it cannot therefore be a specific function of 
the pyramidal system to innervate discrete movements’. However, 
careful exploration of area 4 with precisely controlled stimulus para- 
meters has recently made it quite clear that responses may be pro- 
voked in single limb muscles by activation of this area and its projec- 
tion system. 

Thus Cuanc et alu*7*? and Wootsey and CHanc*** by myographic 
recording from eight muscles acting on the ankle joint, both flexors and 
extensors, have elicited contractions of each of them separately by 
controlled stimulation of optimal foci in area 4. They find (see Figure 
31) that each muscle is represented centrally by a locus of minimum 
threshold the liminal activation of which produces contraction in that 
muscle alone. Around this central locus is a fringe of higher threshold, 
and the fringes related to different muscles overlap, so that supraliminal 
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stimulation brings more than one muscle into play: but the strongest 
response is always in the muscle having its optimal locus nearest the 


point of stimulation. 


Also of interest in this respect are the recent observations of KAADA*”®, 
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Figure 32. Records of the response of single motor units (in tongue musculature) 
to stimulation of contralateral area 4 with square pulses of just supraliminal intensity 
and duration 10 msec. Frequency is the only stimulus parameter being varied (from 
single shock to 60 c/s). The stimulus drives the motor units at its own frequency up 
to about 60 c/s. 1 Single shock, 2 frequency 2 c/s, 3 frequency 5°5 c/s, (a Faster 
recording speed), 4 frequency 11 c/s, 5 frequency 13 c/s, 6 frequency 20 c/s, 7 fre- 
quency 40 c/s, 8 frequency 60 c/s, g frequency 13 c/s. In 7 and 8, high amplitude 
units at lower frequencies begin to drop out: In g, high amplitude units return at 

lower frequency—cf tracing 5. (From Kaapa**’,) 


He finds (employing square pulses with all parameters constant except 
frequency) that different muscles, or even motor units, may be driven 
individually from the same cortical focus by stimuli at different 
frequencies (Figure 32), the response, within limits, being repeatedly 
constant at any particular frequency. This has been confirmed by 
Lippe. and Puriuips*!**!* in experiments discussed previously, and 
provides a significant corollary to the observations of CHANG and his 
colleagues. Additional support for the above conclusions is also pro- 
vided by the more recent studies of Hypr*®°, Lippevt and Pxrvurps*®* 
and Wyke et alii**!. 

What obtains with voluntary movement in the intact subject is 
unknown, but there is no doubt that what WALSHE defines as the 
‘pyramidal system’ can innervate ‘discrete’ muscular responses under 
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certain particular conditions of artificial activation at several levels. 
That under different conditions of stimulation*”*+3%*>, it may also 
innervate more complex types or ‘patterns’ of movements is equally 
undoubted. The experiments cited here show that what might be 
called the particularity of the response depends upon the physical 
characteristics of the stimulus which produces it. The result of electrical 
stimulation of the cortex is like fishing in the sea with nets of different 
meshes: dipping in with the net of widest mesh only catches a few fish 
of the largest size, but as smaller meshes are used more and more fish 
are caught, and their size becomes increasingly variable. WALSHE’s*® 
statement (derived from Horstey*®) that electrical stimulation is only 
capable of sampling the total potential activity of a cortical point aptly 
expresses the position: but it must be remembered that different samples 
may be obtained by varying the characteristics of the applied stimulus. 


it Motor responses from areas other than area 4. Effects of frequency 
variation elicited from regions of the brain other than area 4 may be 
cited to illustrate further the physiological importance of this variable. 
Thus inthe case of area 6,it has been shown by several workers***:76.387- 
using a variety of waveforms but each keeping pulse amplitude constant, 
that this region is electrically excitable at frequencies different from 
those required for area 4 (the latter having the lower threshold). 
Bucy***? indicates that four types of response are thus elicitable 
from area 6—sustained contractions of small groups of contralateral 
limb muscles, more complex rhythmic movements in the contralateral 
limbs, ipsilateral limb responses, and complex torsion movements of 
the trunk and pelvis. Each of these responses has a progressively higher 
electrical threshold, and they may be partly differentiated by careful 
frequency selection. The difference in threshold between areas 4 and 6 
is not marked in the foetal brain*”', but after birth the threshold of area 
4 declines more rapidly than that of area 6**’ in line with the different 
maturation rates of the projection systems from each of these areas*?!*. 
If the stimulus parameters for optimal elicitation of the second type 
of movement described above are determined, ToweErR®*? has shown 
that area 6 becomes inexcitable at these parameters after section of the 
medullary pyramids. However it is still excitable (for this same type 
of movement) at higher frequencies or with increased pulse amplitude. 
More recently, PENFIELD?”> has evoked complex rhythmic or torsion 
movements from a ‘supplementary’ motor area on the super-medial 
aspect of the human brain; and this again seems to have a higher 
electrical threshold than area 4, an observation also made for the 
‘second’ motor area in the opercular region of the macaque’s brain, 
from which complex movements may be obtained by appropriate 


strength and frequency of stimulation*”*?. 
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itt Ocular movements: areas 8, 17 and 18. Changes in frequency may 
also be used to differentiate various responses elicitable from the frontal 
eye fields (area 8). 

Thus Lrvincsron™®, using square pulses of fixed duration and ampli- 
tude, showed that while stimulation of a focus in area 8 at 50 c/s could 
produce conjugate ocular deviation to the opposite side, reduction of 
the frequency to between 10 and 20 c/s led to ipsilateral deviation 
from the same focus. He also noted that stimulation of the upper part 
of area 8 at high frequency produced eyelid opening, exophthalmos 
and pupillary dilatation; but stimulation of the same focus at low 
frequencies (the other parameters remaining unchanged) converted 
this response to eyelid closure, enophthalmos and pupillo-constriction. 

Similar frequency discrimination is displayed by the oculomotor 
responses to electrical exploration of the occipital lobe (areas 17 and 
18). Stimulation of any part of area 17 with 60 c/s sine wave current 
elicits a sustained ocular deviation which orientates the eyeballs so that 
the corresponding point in the visual field falls on the foveal axis. 
Only transient responses are obtained from area 18, unless the fre- 
quency is reduced to 40 c/s and the waveform is changed to an expo- 
nential shape, when the responses from this area become more like 
those from area 17. In addition, it may be remarked in passing that 
ocular movements may be elicited from a variety of sites in the parietal 


lobe, if high voltage, short duration pulses are employed at various 
S << Pee P, 

frequencies™. But this latter effect is probably due to activation of 

cortico-cortical fibres passing to and from the occipital lobes in the 


underlying white matter (q.v.). 

Livincston (loc. cit.) has also found that the ocular autonomic 
responses from the frontal eye fields (lachrymation and pupillary 
dilatation) are best elicited with low frequencies of stimulation, while 
somatic extra-ocular muscular responses may be provoked from the 
same foci merely by increasing the frequency of stimulation to about 


50 c/s. 


tv Autonomic responses: areas 8 and 13. Other frontal autonomic re- 
sponses also show frequency discrimination. 

For example, Davey**** has been able to resolve some of the contra- 
dictions regarding the effects of frontal lobe stimulation on intestinal 
function by demonstrating that the maximal response is obtained from 
area 8 by using low frequencies (5 to 10 c/s) and long pulse durations 
(up to 20 msec). These parameters elicit vigorous gastric movements, 
increased intestinal peristalsis (even leading to intussusception) and 
increase in gastric secretion with raised pepsin and hydrochloric acid 
concentrations. Similar but less marked effects may also be obtained 
from area 6 with these parameters. But with higher frequencies or 
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shorter pulses little or no alimentary response can be elicited either 
from area 8 or area 6. 

Respiration may also be differentially studied in this manner. 
Previously, Wyss*!? had shown that the phase in which respiration 
could be arrested by vagal stimulation was related to stimulus fre- 
quency, 70 c/s producing arrest in expiration and 20 c/s arrest in 
inspiration. And it has long been known that stimulation of various 
parts of the frontal lobe, including the orbital surface (WALKER’s*? 
area 13; area FF of von Bonin and Bartey®™), might produce respira- 
tory arrest, the original observations having been made by SPENCcER*”, 
and subsequently confirmed by SmiTH*?#°, Bartey and Sweet”, 
Lrvincston et alii’, DeLGADo®” and DELGApDo and Livincston*®”, 

But DeLGapo and his colleagues have now reported that the effects 
of electrical stimulation of the orbital surface (and of the cortex hidden 
in some of the sulci of the frontal lobe) resemble the vagal effects 
described by Wyss, in that stimulus frequency determines the nature 
of the respiratory change and the phase in which arrest occurs. A 
similar observation has also been made for the insular cortex of the 
macaque (SuGAR et alu*”) and the temporal pole and uncus of the 
same animal (Kaapa et alii*#). Stimulating the pre-sylvian region of 
the dog, DeLtcapo found that at 180 c/s there was no respiratory 
change; at 60 c/s the respiration rate was slowed; at 30 c/s both 
inspiratory and expiratory phases were augmented; while at 6 c/s 
arrest in the inspiratory phase occurred. However, these results were 
subject to confirmation, because they may not have been pure fre quency 

effects as the stimulator employed showed concomitant alterations in 
pulse intensity (up to 20 per cent), with extreme variations in frequency. 

Such confirmation has now been provided by Sacus ef alii*?, using 
a special square wave stimulator monitored by a cathode ray oscil- 
loscope. They have found that the respiratory cycle may be arrested in 
any phase by selection of the optimal frequency, and also that blood 
pressure may be lowered or raised at will by stimulation of a region in 
the posterior part of area 13 with varying frequencies, other parameters 
being constant. The type of anaesthetic is an additional factor in 
determining the blood pressure responses, as it is in all other effects of 
electrical stimulation of the brain. Low frequency (10 c/s) stimulation 
of the orbital surface of curarized monkeys anaesthetized with Dial 
produced elevation of blood pressure, while higher frequencies (60 c/s) 
caused a fall in blood pressure. 

Similar effects on respiration and blood pressure following stimu- 
lation of the orbital surface of the human brain have been reported 
by Livineston et alii*’, the critical frequency range lying between 10 
and 40 c/s, with square wave stimuli. Faster frequencies (60 to 100 c/s) 
appeared to have no effect on respiration or blood pressure under these 
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conditions. The patients were anaesthetized with Pentothal, and as 
with monkeys under Dial anaesthesia, elevations of blood pressure (up 
to 20 mm of mercury) were more readily elicited with frequencies at 
about 10 c/s; while respiratory arrest was seen best (and often inde- 


pendently of blood pressure changes) at about 30 c/s. 


v Cerebellum. Cerebellar inhibitory phenomena also display frequency 
sensitivity. 

It was early demonstrated by SHERRINGTON‘! that decerebrate 
rigidity could be inhibited by faradic stimulation of the anterior lobe 
of this organ. This cerebellar inhibitory phenomenon has recently been 
re-investigated by NutseEn et alii*!!, not in terms of decerebrate rigidity 
but in relation to simultaneously evoked cortical movements. Using 
fast exponential pulses of fixed amplitude and a halfdecay period of 
1 msec, they found that frequencies below 100 c/s resulted in inhibition 
of cortic ally induced movements in a precisely localized fashion in es 
anterior lobe of the cerebellum. With higher stimulus frequencies 
‘optimum 180 c/s) facilitation of the same movements could be elicited 
from those cerebellar foci the activation of which at lower frequencies 
had previously resulted in inhibition. They were further able to 
demonstrate that both of these responses were relayed to the inhibitory 
and facilitatory centres in the bulbar recticular formation identified by 
Macouwn and his colleagues*!?-3-415-41%, 

But while the experiments of NuLSEN and his associates lead them to 
state that the inhibitory pathway passes through the dentate nucleus 
to the reticular inhibitory nuclei, they conclude that the facilitatory 
pathway goes to the reticular nuclei by way of the fastigial nuclei. 
Thus, although their findings confirm and amplify an earlier suggestion 
of SnipeER, McCuttocu and Macoun*!’* that the anterior cerebellar 
lobe might relay to the bulbar inhibitory nuclei, their conclusion 
regarding the fastigial relay of facilitation is in contradiction to the 
findings of Macoun and his co-workers who, on the basis of ablation 
and destruction experiments, believed the nuclei fastigit to mediate 
inhibitory function. ‘ 

Such discrepancy was disappointing, in view of the practical impli- 
cations of these findings. But quite recently MAGoun and his colleagues 
have repeated their experiments using electrical stimulation of the 
cerebellar cortex and of the fastigial nuclei directly (see SNIDER ef 
alu*'**), They confirm their previous observations on the relay of 
cerebellar inhibition from the anterior lobe and paramedian lobules 
through the nuclei fastigii, and find the optimal frequency (with a 
Goodwin?” stimulator) for both inhibitory and facilitatory phenomena 
to be about 300 c/s. With proper selection of stimulus parameters, 
facilitation as well as inhibition could be elicited from the anterior lobe 


168 





NEURONES EN MASSE 


and lobulus simplex, and from the paramedian lobules and tuber and 
pyramis regions*’. It seems that both facilitation and inhibition evoked 
from the anterior lobe of the cerebellum may be mediated either by 
dentate or fastigial nuclei, according to the conditions of stimulation, 
but that the principal relay concerns the fastigial nuclei in both cases. 
An important point related to the variation in findings between the 
Yale and the Chicago groups is the observation of Macoun and his co- 
workers that when the effects of cerebellar stimulation are being studied 
against a background of cortically induced movement, the cortical 
stimulus parameters are of great importance, as well as the time relations 
between cortical and cerebellar stimulation; and the particular effect 
is defined by these variables as well as the stimulus parameters employed 
in activating the cerebellum. 


vt Thalamus. One final example of the importance of careful selection 
of stimulus parameters (particularly frequency), this time in the study 
of subcortical centres, may be given to supplement the previous illus- 


trations. 

Following the earlier contributions of Hess*#°:#°!, Morison and 
DempsEy‘*!*:4 and JASPER and DROOGLEVER-FoRTUYN*, HUNTER and 
JASPER™*7 have re-examined, with controlled parameters, the effects of 
electrical stimulation of the intralaminar nuclei of the thalamus. Using 
implanted electrodes in unanaesthetized cats, they describe the effects 


of varying the frequency of square pulses on the behaviour patterns 
and the cerebral electrical activity of the animals. 

They found that the ‘sleep reaction’ (see Hess*”) elicitable from the 
inferior massa intermedia could be converted into activation behaviour 
patterns by increasing the stimulus frequency. The optimum frequency 
band for the production of the sleep reaction was found to be 3 to 5 c/s 
(pulse duration 25 msec), while stimulation of the same region at 200 c/s 
(with corresponding reduction of pulse duration) elicited a ‘rage’ 
reaction. Sudden reduction of the frequency from 200 c/s to 2 c/s may 
then convert this rage reaction into an ‘arrest’ reaction, clinically 
similar to a petit mal seizure. The optimum frequency for the elicitation 
of this latter response from the intralaminar thalamic nuclei was found 
to lie between 10 and 30 c/s, with a 40 to 50 per cent reduction in the 
pulse amplitude used in the above experiments. 

When the arrest reaction is elicited with optimal stimuli, electro- 
corticograms show recurring 3 cycles per second spike-and-wave 
paroxysms synchronous with the thalamic firing, which resemble the 
patterns seen in the human electroencephalogram during clinical petit 
mal seizures. If the stimulus frequency be then increased, without 
moving the electrodes, the petit mal-like reaction is succeeded by a 
generalized convulsion, again with a corticogram pattern similar to 
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the electroencephalogram in human patients having major epileptic 
seizures. JASPER also reports that this may be arrested by thalamic 
stimulation at frequencies greater than that of the cortical discharge 
which, he presumes, desynchronizes the rhythm of the epileptic firing. 
Similar observations on synchronization and desynchronization of 
cortical discharge by frequency variation of photic stimulation have 
also been reported by Grey WALTER™®:* and his colleagues. 

d The value of electrical stimulation. On the basis of the evidence just 
presented, it would seem reasonable to conclude that frequency vari- 
ation, as well as the individual pulse characteristics discussed previously, 
is of physiological importance in electrical studies of the brain. 

FuLron* was so impressed with the differential effects of frequency 
variation demonstrated by the workers in his own laboratories at Yale, 
that he concluded his 1948 Withering Memorial Lectures in Birming- 
ham with the statement... “These results suggest that the excitability 
of the entire nervous system should be re-examined with controlled and 
varied rates of stimulation, for each system undoubtedly has an optimal 
rate of discharge, and reactions become obscured if this optimal rate 
is not used when seeking to discover the functional activity of that 
system.’ But this only expresses part of the task confronting the cerebral 
phy siologist, for other sections of this paper have sought to demonstrate 
the equal and independent importance of variations in waveform and 
pulse duration, in addition to the already well-recognized significance 
of pulse amplitude. 

Electrical stimuli are unique as investigative tools in cerebral physi- 
ology and pathology, standing apart from strychninization, use of 
alumina gel, or variation in blood fH, gaseous tension or chemical 
constitution, in the remarkable selectivity of effect obtainable by careful 
modulation of pulse characteristics. Someone has compared electrical 
exploration of the brain to an attempt to find a fault in a radio set 
with a telegraph pole: and while this may be apt in terms of earlier 
efforts, it must be pointed out that the possible information which 
might be obtainable by critical use of what is really a delicate tool is 
only now commencing to be sought. But already it has been shown that 
many old observations will have to be re-checked, and many long- 
standing conceptions modified as greater precision is attained. 

The efficiency and delicacy of electrical stimulation of the brain 
under carefully controlled conditions is thrown into clear relief when 
it is pointed out that the experiments quoted in this paper indicate that 
not only may phenomena elicitable with one set of stimulus parameters 
remain unrevealed with another set, not only may one group of 
excitatory phenomena be replacéd by a totally different group by 
changing one or more of the stimulus parameters, but facilitatory effects 
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may even be converted into inhibitory phenomena by altering one or 
more of the physical characteristics of the stimulus; and all this without 
moving the stimulating electrodes. 


Physicochemical interrelationships 

Reference has already been made in earlier sections of this article to 
certain data relating the electrical properties of nerve fibres to their 
chemical properties. But again such correlations cannot be transferred 
en bloc from single, or small groups of neurones, to the neuronal 
congeries of the brain. Therefore this section briefly considers some of 
the data that have emerged from direct study of the physicochemical 
interrelations of brain tissue. Additional information in this respect 
may be sought in reviews such as those of vAN HARREVELD and 
WHIELDON'’, HEPPENSTALL and GREVILLE** and RicHTER*®’. 

From what has been said earlier, it will be apparent that, because 
of the production ofspontaneous electrical activity by cerebral neurones, 
the physiological effects of an electrical stimulus fired into a whirlpool 
of spontaneous potential variations will not be a function of stimulus 
parameters alone, but also of the direction and rate of flow of the 
existing electrical energy within the cortical maelstrom. These latter 
factors are in turn related to the cytoarchitectural pattern of the cortex 
which, as RAMON y CajAL!?, LoRENTE DE NO"!, BAILEy et alii307,307.404 
and von Bontn*®** have shown, is arranged roughly in laminar fashion 
with the principal cellular elements oriented at right angles to the cor- 
tical surface. Some of the electrical implications of this have already re- 
ceived consideration from NoEL*’, O’ LEARY!*and McCuLLocH™!:4%-8, 
and in other parts of this article. 

The autogenous slow rhythmicity of cerebral neurones has already 
been mentioned. A similar slow rhythmicity of response during electrical 
stimulation of the brain was identified by HouLanp and DussER DE 
BARENNE™’, and correlated with oscillations of DC potential gradients 
across the brain by Liner and Kaun!”, Lipset?!” and Gotprinc eé¢ alii?'®’. 

Demonstration of rhythmicity in isolated portions of cerebral cortex 
(consisting of aggregates of polarized cells—vid. sup.) has been given 
by BREMER”®7.0, Lrper and Grerarp!*’, DussER DE BARENNE and 
McCu.tiocu*! and KRisTIANSEN and Courrois“, both in resting tissue 
and during electrical stimulation. The latter workers have shown that 
after-discharge from an anatomically isolated gyrus, following electrical 
stimulation, may be elicited as readily as in normal cortex. A similar 
observation is also reported by WALKER and JoHNson**?, A variety of 
electrical patterns may result, but sometimes the form of the response 
is indistinguishable from that in normal cortex and at other times is 
grouped or rhythmical. OBprapor*”? had previously reported changes 
in the excitability of cortical motoneurones after their partial isolation: 
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but KristrANseN and Courrors find that after complete isolation, al- 
though there may be temporary elevation of the local threshold, it returns 
to normal after a time. These observations suggest that the cortex con- 
tains within itself its whole excitable mechanism, which may be played 
upon by artificial or natural extra-cortical stimuli to facilitate or inhibit 
the normal spontaneous activity within it. Such a conception receives 
some support from the observation of Sperry’ that stimulation of a 
cortical focus isolated from the neighbouring neural tissue by multiple 
transections of the grey matter could evoke typical motor responses. 

LorENTE DE N6!7-8:49 and LANDAHL, McCuLiocu and Prrrs”8:42-3 
regard the congeries of cells and fibres in the cerebral cortex as a series 
of circular neuronal networks, in which activity is continually reverber- 
ating. This reverberation is influenced by extra-cortical afferent 
impulses so that the network constantly tends to alter its ‘set’ of activity 
and take up a new equilibrium state. These circular neuronal systems 
McCut.ocu** refers to as ‘endromes’: and he suggests that the aggre- 
gate of endromes functions as a negative feed-back system, in the 
engineer’s sense, while in its responses to external stimuli it displays the 
properties of a servomechanism, seeking a new steady state to replace 
a disturbed dynamic equilibrium, as happens in isolated nerve (vid. 
sup.). ADRIAN*4 on the other hand, does not lend his support to this 
‘reverberating circuit’ theory, preferring a conception of synchroniza- 
tion and desynchronization of numbers of neurones by small groups of 
cells functioning as ‘pace-makers’. 

None the less McCuttocu (loc. cit.) and WALTER®:*!9-?7, considering 
the spontaneous rhythms of the brain as an energizing sweep, suggest 
that impulses fired into the cortex are scanned by this sweep, thus going 
through all the transformations of a set (g.v.), with summation and 
averaging of the resultants. WALTER®*** regards the electrical re- 
sponses of the brain in response to repetitive stimulation of the visual 
fields at varying frequencies with a stroboscope as evidence for the 
scanning function of the alpha rhythm, and he and his wife (WALTER 
and WALTER®’) homologize this alpha sweep with the sweep of a 
television system, which codifies a ‘spatially displayed apparition’ into 
a ‘series of signals on a time base for transmission and decoding’. 
Further development of this theory has been presented by McCut- 
LocH®* and by Grey WALTER? in his Maudsley lecture: and the latter 
(and also Coun”) reverse the process and utilize a toposcopic displ: Ly 
as a means of studying simultaneously the activity in several regions of 
the brain. Litty®® has carried this further, utilizing the 25 channel 
Bevatron for detailed toposcopic analysis of very small areas of the brain 
surface over prolonged periods of time. 

So far these theoretical postulates have not been correlated directly 
with metabolic events in the brain, except for the demonstration by 
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Serota and Gerarp** that the arrival of afferent impulses in the brain 
causes a local rise in temperature and vascularity in the related brain 
area, suggesting a local increase in metabolic rate. But more informa- 
tion is available concerning the effects of extrinsic stimulation of the 
brain. 

When a cortical focus is stimulated*™, a surface negative wave spreads 
centrifugally in all directions, decrementing as it goes, through the 
superficial cortical feltwork (RosENBLUETH and CaNnNnon?*”; McCut- 
LocH*’), Its slow rate of spread, about 10 to 20 mm/sec in the lightly 
anaesthetized cortex, suggests that it is delayed at numerous synapses. 
McCuttocu and Pirrs**:#?3, on experimental and mathematical 
grounds, suggest that its velocity of propagation is determined by the 
rate at which spatial summation reaches a critical value in the 
random net of endromes: and this in turn depends upon the individual 
threshold of each of the constituent neurones at the moment the 
impulse reaches each set of pre-synaptic terminals*. 

If impulses, travelling in adjacent nets having collaterals which 
subtend pre-synaptic terminals within the net in question, are timed 
to arrive so that they set up sufficient anodal foci in the post-synaptic 
soma (vid. sup.), the threshold of the post-synaptic cell may be so raised 
that the travelling activity in the original net is further delayed, or 
even denied passage altogether. Which of these events i.e. passage or 
non-passage, obtains will be, according to the Brooks-Eccles theory, a 
function of the spatial geometry of cathodal and anodal foci on the 
post-synaptic soma at any particular moment. On this basis one might 
explain the phenomena of facilitation and inhibition in the brain, 
either of which may follow stimulation of the same focus, as demon- 
strated earlier. 

Provided that the depth of anaesthesia is adequately adjusted, the 
surface negative wave is followed by a surface positive oscillation, 
associated with discharge of deep cortical cells the efferents of which 
pass to other regions of cortex or to subcortical structures (McCuL- 
LocH*™. 428,437) Tts velocity of propagation is much faster than that of its 


negative precursor, being of the order of axonal conduction velocities, 
and it is rapidly lost from the cortex. 

These electrical phenomena seem to depend upon the cellular 
stratification and direction of fibres in the different layers of the cortex. 
Clear differentiation of the sources of the negative and positive responses 
to stimulation is obtained by coagulating the cortex to varying depths, 


as described by DussER DE BARENNE*? 38, SinverR and WALKER“? 


and McCuttocu’. By this method it can be shown that the change 


* Since this article was written two papers, one by Burns [7. Physiol. (1950) 50] and the other by CHANG 


[7. Neurophysiol. 14 (1951) 111], have appeared. They contain more detailed analyses of these superficial cortical 
responses to excitation and should be consulted for more elaborate data. 
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from negativity to positivity of the evoked response occurs at layer III 
of the cortex (in the pre-central region): while normal motor responses 
are still elicitable electrically after destruction of the superficial three 
layers of the pre-central gyrus, provided that the cells in the fourth and 
fifth layers remain intact. 

Repeated electrical stimuli of low pulse peak amplitude, applied to 
the superficial surface of the cortex, can initiate a depth response e.g. 
eye movements from the parietal cortex—as described earlier, the 
magnitude of which is related to pulse duration and voltage. According 
to McCuttocH™|, this recruitment as a function of pulse parameters is 
the result of spatial summation within the reverberating chains of 
cortical internuncials ... ‘increase in voltage can always spread the 
stimulus to more remote portions of the pool, and increase in duration 
of pulse will, within limits, always fire a larger proportion of the 
neuronal pool reached by a given voltage’. A similar suggestion has 
also been advanced by GELLHORN**; while ApRIAN and Moruzzr* 
had previously shown that increase in duration of stimulation of area 4 
at fixed intensity resulted in increase in discharge rate along its efferent 
fibres, indicating that a greater proportion of cells in the area was being 
activated. 

Spread to the depths of the cortex is minimized by using long pulses 
at low voltages: while the minimum frequency capable of satisfying 


the energy requirements for threshold discharge of the system should 
be employed to avoid secondary rise in threshold and gradual de- 
crement of response. According to BeuTNeR'*® the minimal rate of 
change of current necessary increases with chronaxie. But efficiency 


decreases as frequency rises beyond certain limits (which vary with 
waveform) with AC, as there is not time for depolarization if waves of 
opposite phase follow too hard upon one another. LrsERson™! considers 
that the cerebral response to electrical activation probably depends 
upon two factors—excitability of the individual neurones and sum- 
mation of the central excitatory state. The former has been considered 
earlier: it is the latter that would seem to be the major determinant of 
the time course of the response in the brain, once excitation has begun. 

Under certain conditions of stimulation, complete extinction of 
response**!##4"®* may be produced. The same result occurs if separate 
stimulations are too rapidly repeated at the same focus’. This phe- 
nomenon arises within the deeper layers of the cortex, and its time 
course is related both to the physiological state of the brain at the 
moment, and the parameters of stimulation“? It is most easily 
avoided by allowing a minute or more to elapse between successive 
applications of the stimulating electrode to the brain; and the electrode 
should not remain in contact longer than two to five seconds, de- 
pending on the stimulus parameters. 
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Still stronger stimulation produces after-discharge, with or without 
convulsions“, Now reverberation in the cortical endromes becomes so 
intense as to exhaust the oxidative reserves of the neurones, heat 
production is increased****°, the local oxygen tension falls 


ors lactic 


Table II. Some Changes* in Neural Metabolism Following Stimulation 





Tissue Resting heat production Active heat production References 





Peripheral nerve 2x 10° cal/gm/sec 5 X 10> cal/gm/sec FENG” 
(Qo, = 180) GERARD” 
Spinal cord 5 Xx 10% cal/gm/sec 5 X 10% cal/gm/sec ROSENBERG*’ 
HouzOuner et alii*”® 
Sympathetic ganglion 8 cal/gm/hr 15 cal/gm/hr Tostas et alii*”® 
Cerebral cortex 25 cal/gm/hr 50 cal/gm/hr GERARD*~*? 
Qo, = 5,000) 


3-4 





* Only average values are given. The full ranges are listed in the references cited. 


acid accumulates*** and is excreted into the cerebrospinal fluid, along 
with products of nucleoprotein metabolism*!’, the local pH falls*”? 
and the threshold rises until repetitive spontaneous firing ceases. The 
system then remains inexcitable for the prolonged period required 
(half an hour or more) to restore the cellular metabolic equilibrium. 
Carbon dioxide also accumulates locally, aiding the depression of 
excitability (vid. sup.): but if this is washed out by hyperventilation or 
local increase in blood flow, excitability is restored more rapidly. 
The resting oxygen consumption of human and animal brain tissue 
is about 3 to 5 cm? per 100 gm of brain per minute*®°, This may be 
increased by increasing intensity of stimulation up to about twice 
resting value, beyond which further increase in stimulus intensity is 
not paralleled by rising oxygen uptake”, After prolonged activation 
the increase in oxygen consumption may outlast stimulation by halfan 
hour, oreven longerif the circulating blood volume available to the active 
tissue is not correspondingly augmented, as it normally is**-46#.4-70, 
The average resting heat production of mammalian cortex is 25 
cal/gm/hr, at an oxygen consumption” of about 3 cm?/100 gm/min 
1.e. Qo, = 5,000. But there are regional differences in heat production 
in the brain*”!, the cerebellar cortex having the highest value, judged*” 
by its Qo,. These data may be compared with the values for other parts 
of the nervous system under resting and active conditions (see Table I/). 
During activation of the brain there is a pronounced increase in 
glucose utilization. With electrical stimulation adequate to produce 
marked after-discharge and eventually convulsive seizures, OLSEN and 
Kxern*™ find that glucose consumption in the brain rises from about 
0°275 mmol per kg per minute to about 22°2 mmol per kg per minute, 
an increase of about 80 times the basal rate: and this is further in- 
creased if oxygen is not freely available from an adequate supply of 
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circulating blood. The energy required for the breakdown of this 
carbohydrate is presumed to be provided mainly from the reserve of 
high-energy phosphate esters, which can contribute up to 3,000 cal per 
bond (vid. sup.). The changes in brain phosphate levels in response to 
electrical stimulation have been studied by Dawson and RicHTer*”, 
They found that electrical stimulation resulted in a sharp fall (over 
50 per cent in one second) in brain phosphocreatine, with a coincident 
rise in hexosephosphate, which subsequently returned to normal with 
corresponding liberation of inorganic phosphate. These results, taken 
together with those of OLsEN and Kiern**? throw considerable light 
on the metabolic cycles initiated by electrical stimulation of the brain, 
but still leave unanswered a lot of questions, especially that of possible 
relations between stimulus parameters and induced metabolic changes. 
Perhaps application of the polarographic technique for studying 
cortical oxygen tension during electrical activity e.g. RosEMAN et alii*”’, 
is a start in this direction. 


MATHEMATICAL ANALYSIS 

Because of its readily available quantitative aspects, the response of 

nervous tissue to electrical stimulation was one of the first biological 
phenomena to receive mathematical treatment. 

Thus HERMANN!!?-4and WEBER*” essayed mathematical analysis of the 

electrical properties ofresting nerve, on the basis of WEBER’s studies on the 


distribution of currents in cylindrical core conductors. Later, NERNst?*4 
attempted to set up equations governing electrical excitation of tissues, 
based primarily on the theory of ionic shifts (vid. sup.). Other aspects of 
the electrical excitability of nerve were subsequently analysed mathe- 
matically by Umratu*®, Laprcgue*™, BLarr®®?, MonnIER*!, RusHTon*?, 


Hint et alii? 43, Karz, HousEHOLDER** and RAsHEvsky?”"48>°, 


Most of the basic theory elaborated by these workers is still valid, 
although recent experiments necessitate modification of many details, 
some aspects of which have already been presented in this paper. More 
complete expositions of the modern mathematical theory of neural 
excitation may be found in the publications of Cote and Curtis?" 36.447, 
BEUTNER”™®, RasHEvsky*’®, Davis and LoRENTE DE NO*? and LANDAHL, 
McCuttocu and Pirts?*:42-4, In addition, the latter workers have 
elaborated their mathematical theory of neural function (co-opting 
additional principles from the field of electronic engineering) into a 
systematized philosophy which they dignify by the name ‘Cybernetics’ 
(see WIENER?, McCuttocn**, Gasraut’). 


The single neurone 

Once the dictum of Du Bors-REyMonp*” that variation in stimulating 

current was the exclusive cause of excitation was disproved, Lucas**, 
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ADRIAN*™.-49! and LapicguE*™ and his co-workers were able to establish 
the relations of rheobase and chronaxie. Using a condenser with 
variable capacity to determine chronaxie 7, they showed that its value 
was given by 


Cis eer 


where C is the critical capacity in pF, R is the resistance of the circuit 
and 7 is a constant calculated as 0°37. 

If the circuit described by BEutNER'”® is employed, incorporating a 
Lapicque shunt, R may be taken as 10,000 ohm, and expression 26 
becomes 


pen C. 16°. 0°37 


From this work it emerges that the relation between the strength and 
the duration of the current required to produce a response of given 
magnitude may be expressed as a hyperbolic curve (Figure 29). The 
minimum strength of current (of infinite duration) capable of evoking 
the given response at the cathode constitutes the rheobase, which 
represents the stimulus strength required to reduce the threshold to 
zero (vid. sup.). Chronaxie is the duration of the current pulse of twice 
rheobasic strength which just causes excitation, and represents the 
time course of stimuli of finite duration required to reduce the threshold 
to zero. The values for both rheobase and chronaxie may be deter- 
mined on the strength/duration curve plotted for the tissue in question. 

More recently, attempts have been made to derive expressions fo1 
these quantities which represent more precisely the events of excitation, 
taking into account phenomena such as local depolarization and elec- 
trotonus (vid. sup.). Thus OFrrNneR 
the expression 


95-6 


, aS mentioned earlier, arrives at 


E 


0 


Kexp kt, [' Texp (kt) dt 
Jo 


for excitability, from which he proceeds to the equations 


and 
0°69 /k 


chr mn 

for rheobase and chronaxie respectively. 
More recently, DAvis and LoRENTE DE N6*’ have related the change of 
membrane potential V to the depolarizing current by the derivation 
o-y Ot os 52 

0? x? 
where 7, is the longitudinal resistance of the external conductor, r; is 
77 


PIB Il—12 





BIOPHYSICAL ASPECTS OF NERVOUS FUNCTION 


the longitudinal resistance of the internal conductor, im is the density 
of the transverse current through the membrane and 7% is the density 
of the polarizing current; and this relation may be modified to take 
account of applied pulses of finite or infinite duration. 

But these theories imply that excitation is a maximum at the point 
of cathodal stimulation. The analysis of ScHorepFie!"®, referred to 
earlier, makes a similar assumption, although he studied the relation 
between the duration of a rectangular current of threshold strength and 
the peak voltage distribution evoked in paracathodal regions, and 
found that peak voltage curves as a function of distance intersected at 
a locus some distance from the cathode. 

This problem of the spatial distribution of excitation has re- 
ceived further attention from RasHBAss and Rusuton*?°, They 
showed that if the cable theory of nerve obtains, excitability should 
fall away on either side of a single pole as an exponential curve 
exp(—x/A), where x is the absolute distance away from the pole 
and A is the space constant, but that this does not apply unless 
the epineurium is removed from the nerve**4*®, Here the cable 
to which the nerve approximates has a space constant A equal to 
about 2°8 mm. Further experiments***? suggested that the epi- 
neurium possessed a far from negligible resistance, and that after its 
removal the strength/length curve of stripped nerve closely fits the 
curve I—exp(— x/2°8). 

This leads to the conclusion that while the theoretical analysis given 
earlier might apply to single axons, LORENTE DE NO’s!!-* view that the 
nerve sheath does not influence the current distribution about whole 
nerves 2.e. bundles of axons, is open to criticism. Therefore RusHTon 
suggests that the longitudinal polarization of nerve described by 
LORENTE DE NO (vid. sup.) may be largely a manifestation of the polar- 
ization of the nerve sheath, as a result of which maximum excitability 
in unstripped nerve does not occur under the cathode but at a point 
3 mm from it. While such a criticism is important in relation to the 
mathematical theory elaborated by LorEeNTE DE NO", further studies 
on unstripped nerves and on single axons must be awaited before more 
conclusions can be drawn. 


Congeries of neurones 

The above expressions and their derivatives are concerned mainly 
with the excitation of single neurone units. But it is possible to extend 
mathematical analysis to include groups, and finally large masses of 
neurones, remembering that such neurones are interrelated by synaptic 
junctions, the biophysical properties of which have been discussed 
earlier. Thus analysis may begin by considering the mathematical 
theory of synaptic conduction. 
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RasHEvsky?”"°8, Hitt, BEUTNER’° and others have postulated 
that the arrival of an impulse at a pre-synaptic terminal induces in the 
post-synaptic soma two states e and /, the nature of which they do not 
define, but which obey the linear relations 


de/dt = AE — az 
and 
dj/dt = BE— bj 


where A, a, B and #4 are constants and E is the intensity of excitation. 

From AprRIAN’s*”! observations on grading in response in nerve, it 
follows that the intensity of excitation £ is a linear function of the degree 
by which stimulus intensity S$ exceeds threshold value A. If 6 be a 
constant, this relation may be rendered as 


E = B(S—h) ace ee 


But the range of S for which this relation holds has limits determined 
inter alia by the refractory properties of nerve. Thus £ has a finite upper 
limit beyond which it is unaffected by further increase in §, a factor 
considered by the derivation from equation 31 of 


\ 


y , r _ fa ( ‘¢ 
E = Ea (1— exp 3— 8 (S— aun oe 


where E,,,a, 1s the maximum value capable of being assumed by E£ for 
any value of S. 
Applying these considerations to the synapse, BEUTNER'”’ proposes 


the relation 


for the excitation of a post-synaptic soma £, the threshold of which is 
h,. The quantity (e —/) constitutes the adequi ite stimulus f for the post- 
synaptic soma according to equi ations 29 and 30. If — 7) <0, then 
E, = o. Hence an increase of ¢ increases £,, while ack an increase of 7, 
Ras o. Thus it is suggested that excitation of the post-synaptic cell 
occurs when the constants in equation 33 are such that e > j; while 
inhibition results when j > e. This may be compared with the view of 
LapicguE ef aliu*’ that synaptic transmission demands isochronism 
(similarity of chronaxie) between pre- and post-synaptic units, a view 
which is not supported by the recent studies of LLoyp'®* and Brooks 
and Eccrrs’**, 

Experimental observations lending some support to the theoretical 
deductions of RasHEvsky and BeEuTNER are provided by Brooks, 
Eccies and Matcorm”® in the course of their study of impulse trans- 
mission across monosynaptic junctions. It will be recalled that they 
describe a diphasic response as the initial part of the focal potential 
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generated at the synapse, anelectrotonus alternating with catelectro- 
tonus. They also noted that anelectrotonic foci set up in the post- 
synaptic membrane were capable of inhibiting excitatory processes 
tending to spread from catelectrotonic foci, if their mutual geometrical 
relations and time courses were appropriate. Analysis of their experi- 
ments would suggest the possibility of equating RASHEvskKy’s ¢ and ) fac- 
tors to the catelectrotonic and anelectrotonic processes respectively, the 
relations of which seem to obey the predictions of the above equations. 

Thus far discussion has centred on analysis of excitation of single 
fibres and monosynaptic junctions. But it is possible to extrapolate 
such analysis to include the phenomena of excitation displayed by 
neuronal networks such as exist in the cerebral cortex, with its multi- 
tudes of neurones and synaptic junctions. 

It has already been indicated that this cortical network may be 
considered as a series of reverberating circuits exerting a mutual influ- 
ence such that a tendency to shift from one steady state to another as a 
result of stimulation is opposed by a tendency to preserve the functional 
status quo of the system as a whole. Or, once a new steady state is 
achieved, there is a tendency to perpetuate this state. By combining 
mathematical analysis of the calculus of possible responses to stimu- 
lation inherent in such a system with the observed behaviour of servo- 
mechanisms in mechanical models**:#*?, the concept of the cortical 


network as a scanning system has been proposed (vid. sup.). Various ap- 
plications of this theory have been considered elsewhere in this article, 


and by JEFFERSON’, GasTauT’ and GREY WALTER®9:209:219,236-7, 240,425,499 


This view implies that the activity in any neurone in a circular network 
may be related indefinitely to past events impinging on that circle: and 
these nfay be facilitatory or inhibitory (in terms of the Brooks-Eccles 
theory). Such antecedent reference may therefore modify the response 
to any newly-applied stimulus, including electric currents: and evidence 
of this has already been cited. 

McCuttocu and Pirrs”*:4?-4, by considering events in the cortical 
endromes in terms of the concepts of propositional logic and Boolean 
algebra, suggest that their probable behaviour in response to internal 
or external activation may be calculated by the application of a logical 
calculus. McCu.tocu suggests that the number of neurones in the 
human brain is of the order of 1o!® (Herrick! estimated about 
12 X 10°), so that the number of internuncial ‘cross-overs’ linking the 
circular nets of which these cells are constituents must be less than this. 

On topological grounds he relates the number of hypothetical circular 
nets to the number of ‘cross-overs’ by the expression 


log D= }—0°5 + (0°25 + 2d) } log 2 eewtehy 
where D is the number of circular paths in the network and d is the 
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number of ‘cross-overs’ between them. That this relation has finite 
limits he indicates by pointing out that as doo, so D — 2! 24: but as 
d<10!°, therefore D < 10+™, 

As JEFFERSON” said in his Lister oration—‘It seems to me likely that 
the number of synapses in a nervous system is the key to the possible 
variations in its behaviour’: and as this has a finite value, the calculus 
of possible responses to stimulation should be capable of analysis by 
modern experimental and mathematical techniques. But such analysis 
must always be based ultimately on sound biophysical data, as 
theoretical prediction at present far outruns present knowledge of 
the quantitative aspects of neural behaviour. 


The mathematical conception of nervous function and some of its implications 
From what has been said in the previous sections of this paper, it must 
be apparent that the combined application of principles of mathe- 
matics, physics and chemistry to problems of neurophysiology has been 
remarkably fruitful. But it is only since 1945 that real integration of the 
available data has been achieved, and this in the United States of 
America under the auspices of the Josiah Macy Foundation*. No 
comparable organization exists elsewhere in the world, although 
individual centres in England?.48°, France’ and elsewhere are seeking 
to apply biophysical interpretations of nervous function™! to the larger 
issues involved. 

The rapid accumulation of knowledge during 1939-45 concerning 
telecommunication apparatus, prediction machines and automatic 
computing devices, when correlated with theoretical analysis of brain 
activity such as that of McCuttocu and Pirts****, led to the formu- 
lation of certain analogies between electronic devices and the neural 
nets of the brain. This resulted in emphasis on those aspects of brain 
function relating to the reception and interpretation of signals”?*”. 

The development of techniques such as those of frequency modu- 
lation, television and coding devices has resulted in the formulation of 
certain principles regarding economic transfer of information which 
may be extrapolated to some extent to cover the methods by which the 
brain receives, sorts and stores information from its afferent systems. 
Then from the field of prediction apparatus and control systems (such 
as radar-operated guns, electronic automatic pilots for planes and 
ships etc) emerged the theory of positive and negative feed-back 
systems, the former tending to produce runaway or oscillating activity, 
the latter increasing stability e.g. see McCoitv™. Analogues of these 
properties are not hard to find in the nervous system, as situations 
where responses in effectors are relayed back to the central nervous 


* See Introduction to WrENER, N. Cybernetics New York, 1948 for history of this organisation. 
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system to influence data from receptors which will again activate (or 
depress) the effectors, are everywhere to be found. 

This brings up the further property of seeking goals, a property 
analysed mathematically by McCuttocu and Pirts (op. cit.) and 
experimentally by AsHpy°® and WALTER*”, each of whom has con- 
structed apparatus (WALTER’s ‘electronic tortoise’ and AsHBy’s ‘homeo- 
stat’) which displays goal-seeking and adaptive properties by virtue 
of feed-back systems. From the study of such apparatus analogies to 
neural function have been drawn, and the nervous system in its various 
functions is then described as displaying a dynamic equilibrium (or 
steady state) from which it may be deflected by various stimuli, but to 
which it seeks to return by virtue of feed-back. 

Again, the elaborate research now being undertaken on electronic 
computing devices has led to the projection of engineering theory into 
problems of memory and learning. Thus, as indicated already, homolo- 
gies have been drawn between the reverberating circuits characteristic 
of such apparatus and the chains of internuncial neurones described in 
the cerebral cortex e.g. see VON Bontn*’’, and it is suggested e.g. 
Boycott and Younc™ , that reverberation in such chains may perhaps 
be associated with storage of data in the brain, as occurs in the auto- 
matic computer. 

Thus, the rapid strides being made in electronic engineering on the 
one hand and in the biophysical applications of apparatus and theo- 
retical principles derived therefrom on the other, have made it the 
fashion to compare brain activity with these ‘mechanical brains’ and 
to homologize freely in oscillating fashion from one to the other. But it 
may be as well at this stage to indicate that biophysical analysis of the 
totality of nervous activity expressed as animal behaviour has its 
limitations. Certainly the brain and the computer may depend on 
feed-back, but it is the designer of the computer who sets the frame of 
reference within which the machine selects its reactions to situations. 
Again, the behaviour of calculators may obey the laws of Boolean 
algebra and the propositions of mathematical logic, but such laws are 
hardly frames of reference for animal behaviour in the round, no 
matter how neatly their applications may seem to describe the postu- 
lated behaviour in hypothetical neuronal networks. 

Finally, the critical point on which this homologizing system of 
thought breaks down is its failure to interpret originality of purpose or 
behaviour in terms of biophysical data. ‘The responses of the ‘mechanic- 
al brain’ are on or off, all or nothing—creativeness, spontaneity, 
individuality, and the ability to weigh evidence and interpret shades 
of meaning are all forms of expression of activity in neural nets that as 
yet find no counterpart in any electronic apparatus, or any explanation 
in mathematical theory. 


182 





REFERENCES 


To conclude, it might be as well to be reminded that the search for 
mechanical models of animal or human behaviour is as old as man 
himself, and received elaborate expression in the hands of philosophers 
and scientists such as LEONARDO DA Vincr and RENE Descartes. And 
although the theory of neural nets and the interpretation of the 
electrical rhythms therein as scanning systems seems the most modern 
of biophysical conceptions, it may be of interest to note that GOETHE, 
whose bicentenary has just passed, expressed a somewhat similar view 
in words spoken by Mephistopheles 


Kwar ist’s mit der Gedankenfabrik 

Wie mit einem Weber-Meisterstiick, 

Wo ein Tritt tausend Faden regt, 

Die Schifflein heriiber hintiber schiessen, 
Die Faden ungesehen fliessen, 

Ein Schlag tausend Verbindungen schlégt. 
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QUANTUM PHYSICS OF VISION 
THEORETICAL DISCUSSION 
M. H. Pirenne 


Ir is a well known fact that the human eye is an extremely efficient 
detector of light. Until a few years ago, there existed no artificial 
apparatus as sensitive as the eye to electromagnetic radiations of 
wavelength equal to about halfa micron. Even today itis not quite certain 
whether existing detectors are able to respond to quantities of light as 
small as those which our eye can detect under suitable conditions. 
Measured at the cornea of the eye, these quantities of light correspond 
to numbers of quanta of the order of one hundred only. 

These facts led scientists in various parts of the world to study the 
characteristics of human vision near its absolute limit of sensitivity. In 
particular, on account of the small absolute number of quanta involved 
in a visual act, a demonstration was sought of the purely physical 
fluctuations which must be expected to occur in the light stimulus itself. 

The problem became even more interesting when it was realized 
that the quanta which are directly involved in the excitation of the 
retina, and which constitute the actual stimulus, are much fewer than 
100. For the eye media absorb about half of the light on its way trom 
the cornea to the retina, and the sensitive substance in the photo- 
receptors of the retina is probably absorbing less than 20 per cent of 
the quanta incident upon them. This reduces the number of quanta 
directly involved in the visual process, at the absolute threshold, to a 
number of the order of, or less than, 10. 

The influence of physical fluctuations in such small numbers of 


quanta is large. Experimental curves representing the frequency of 


seeing a flash in terms of the mean, or nominal, intensity of the light 
striking the cornea have been obtained. It is possible to compare them, 
from the point of view of their shape, with theoretical curves calculated 
for given numbers of quanta absorbed by the retina. There is good 
agreement between the observed curves and those calculated for various 
numbers of quanta of the order of 10 or less. (It will be shown later that 
the number 1 must be excluded on special grounds.) This shows that 
physical fluctuations play a dominant role in the observed uncertainty 
of seeing, at least in well controlled experiments. While the existence of 
at least some biological variations in such experiments has not been 
disproved, it has now become impossible to consider—as was commonly 
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done in the past—that biological variations are the only cause of the 
observed variability of response of the organism. 

The results obtained in various laboratories do not, however, agree 
in all particulars. Further experimental work is needed to decide 
between conflicting results, and also to examine certain points which 
have not been sufficiently investigated. As a basis for the discussion of 
past work and for the planning of future investigations, it appears 
desirable to give a detailed theoretical discussion of the main problems 
involved. Before doing so, it may be useful to give here a more concrete 
idea of the experiments and of the general treatment of the problem. 


ABSOLUTE SENSITIVITY OF THE HUMAN EYE 

It is possible for a man to see a flash of light containing no more than 
about 50 to 150 quanta!:*, Measurements made in various laboratories 
have established that such small numbers of quanta striking the cornea 
of the eye are sufficient, under the most favourable experimental 
conditions, to make a human subject see a small source of light for an 
instant. The average of these quantities of light corresponds to an 
amount of energy of the order of 4  107'° erg. It is a delicate task to 
make such absolute measurements of visual sensitivity, and many 
special precautions must be taken in the experiments. The optimum 
experimental conditions include: 
r complete dark adaptation of the subject, who must wait in darkness 

for about half an hour before starting the experiment 
2 the use of monochromatic light of 2 = 0°51 uw, the wavelength to 

which the retinal rods are most sensitive 
3 a small test field subtending, say,ten minutes of arc at the eye. 
The light is made to illuminate the test field for a brief exposure lasting, 
for instance, 0*o001 sec. The image of this small test field is arranged so 
as to fall into the periphery of the retina: this is achieved by using a 
suitably placed fixation point (Figure 1). The subject fixes his gaze on 
this small red luminous point, the only object visible in the surrounding 
darkness. The image of the point is focused at a point F on the fovea 
of the subject’s retina: the position of the eye is therefore fixed in space, 
provided that the head is kept immobile. If light is then flashed on to 
the laterally placed test field the image of the field is formed on the 
periphery of the retina, covering there a small area A; the subject sees 
the test field ‘out of the corner of his eye’, assuming that the energy 
content of the flash is high enough. Within the limits set by the in- 
accuracy of fixation this area A is the same each time the trial is re- 
peated under the same conditions 2.e. the light stimulus always strikes 
a given, constant, part of the retina. 

The actual stimulus acting upon the living organism in these experi- 
ments is not the total amount of light striking the cornea; some of this 
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Figure 2. The mosaic of 
rods and cones in the per- 
iphery of the human eye a 
few millimetres from the 
fovea. The smallest circles, 
seen in the centres of empty 
spaces, are the tips of cones. 
Lhe numerous, slightly 
larger, circles are rods.Orig- 
inal magnification 500 

increased to 840 on repro- 
duction. | After SCHULTZ: 


Four black circles have 


been superimposed here on 
Schultze’s riginal draw- 
ing. The larger circles are 


1 ; 
0.05 mm in diameter and 
| 


] 
represent the yeometrical 


Image on the retina of fields 
subtendinge 10 minutes of 
arc at the eve. The smaller 


circles have a diameter of 


0.01 mm and correspond to 


a visual angle of 
separated by an 
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ABSOLUTE SENSITIVITY OF THE HUMAN EYE 


light is reflected away and does not even enter the eye. The stimulus is 
the number of quanta which become absorbed in the photosensitive 
pigment, visual purple, contained in the retinal rods. Diverse consider- 
ations lead to the conclusion that only about one tenth, or less than one 
tenth, of the hundred or so quanta striking the cornea are absorbed in 
this way. Hence the minimum amount of light necessary for vision 
consists of a number of quanta, of the order of ten or 
less, absorbed in the visual purple of the rods in these 
experiments. 

Such a very small stimulus applied at the extreme 
sensory end of the nervous system is thus sufficient to 
‘trigger off the nervous system of the subject, including 
the motor end, and to lead to muscular action, 
making the subject press a key or make the necessary 
movement to say: ‘seen’. 
Quanta and the retina Fis Cte $ } 
Ll ixation-and-flash 


It is of interest to find out how the absorbed light method for stimu- 
quanta are distributed among the retinal receptors. — alee 
Figure 2 gives a view of a peripheral part of the retina 

seen under the microscope as one sees the pile of a carpet. The regularly 
distributed small circles represent the optical cross sections of the 
rods and cones. The cones have a thick inner segment and a thin 
conical ending: the latter alone is seen here as a very small circle 
in the middle of an empty area. This is better understood by referring 
to Figure 3 which gives a longitudinal view of the rods and cones 
in the periphery of the retina. In Figure 2 two large circles have 
been superimposed on the anatomical drawing. They give an approxi- 
mate representation, neglecting important effects of diffraction, of 
the retinal images, each of diameter 0°05 mm, of two circular external 
test fields subtending 10’ at the eye. The two smaller circles are 


the geometrical retinal images of test fields 2’ in diameter. In each 
instance the centres of the two images are separated by an angular 
distance of 1’—which should correspond approximately to the accuracy 


of fixation*. 

The cones are less sensitive to light than the rods; they probably 
remain unexcited and are unlikely to play any active part in these 
experiments. With a 10’ field it is seen that its retinal image covers 
several hundred rods. The number of rods involved is considerably 
greater than the number of quanta absorbed: these must, therefore, as 
a rule, fall each in a different rod. ‘Double hits’ 7.2. the absorption of 
two quanta in the same rod, are very rare. The occurrence of a double 
hit therefore cannot be the necessary condition for a stimulation of the 
retina leading to a response of the organism. Such a stimulation here 
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takes place when sufficient of the retinal rods, of the order ten or less, 
have each absorbed one quantum. 


Quantum fluctuations 
Since the number of quanta acting as ‘effective’ stimulus on the retina 
is sO small, it must be expected that important statistical fluctuations 
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Figure 4. Poisson probability distributions. For any average number of 

quanta hy per flash, the ordinates give the probabilities that the flash will 

deliver to the retina n or more quanta, depending on the value assumed 
for n. (After HecuTt, SHLAER and PIRENNE'. 


will occur in the number actually absorbed. Even under rigorously 
controlled conditions it is impossible always to deliver to the retina the 
same number of quanta: this is true of any purely physical system as 
well as of the retina. Even if the organism is constant in its properties 
and if the stimulus is delivered always under exactly the same condi- 
tions, the organism may react differently from one trial to the next. 
Near the limit of visibility the subject’s retina sometimes will absorb 
enough quanta for the flash to be seen, and sometimes not (Figure 4). 
This prediction is entirely verified by experiment. There is a wide 
range of energy values for which the subject sometimes sees the flash 
and sometimes does not see it (Figure 5). For any one of these values 
all that remains constant is the probability of seeing: whether a particu- 
lar flash will be seen or not is unpredictable. The theoretically expected 
quantum fluctuations are very large on account of the smallness of the 
numbers of quanta involved, and they are capable of explaining 
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quantitatively the observed variations. While this is in accord with the 
physical origin of the observed variations it is not sufficient to prove 
that the quantum fluctuations are the sole cause of the variations of 
response of the organism. For there are various limitations to the 
accuracy of certain steps made in the calculations, and it cannot be 
decided whether biological variations of the organism also contribute 
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Figure 5. Relation between the average energy content of a flash of light 
in number of Av) and the frequency with which it is seen by three obser- 


vers. Each point represents 50 flashes, except for S.H. where the number is 


35. The curves are the Poisson distributions of Figure 4 for n values of 


5, 6 and 7. (After HEcHT, SHLAER and PIRENN} 


to the observed variations of response, or whether purely physical 
fluctuations are alone responsible. It is clear, however, that the latter 
dominate the situation. 


Other experimental conditions 
The influence of a number of experimental factors can be studied by 
making suitable modifications in the arrangement which has been 
described. Such factors are: wavelength of the light; position in the 
retina of the area, or areas, receiving the stimulus; size and shape of 
these areas; duration and intensity of the flash or, more generally, the 
time course of the stimulus used in each separate trial (for this stimulus 
may, for instance, consist of a number of elementary flashes separated 
by definite time intervals). 

Many precautions must always be taken to ensure, as far as possible, 
the constancy of physiological and psychological conditions in the 
subject, besides the constancy of physical conditions in the apparatus. 


EXPERIMENTS ON SINGLE OPTIC NERVE FIBRES 


Special physiological preparations can be used to study the nervous 
activity of an isolated fibre of the optic nerve of a primitive animal 
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such as the king crab Limulus, or of vertebrates such as the frog. 
Without entering into the details of these difficult investigations, it 
may be said that the Limulus preparation is one of the simplest visual 
systems which can be studied. The eye of Limulus is a compound eye 
Transparent cornea 
“lectrodes Nerve 


1 - . 3 a 
Vbre Figure 6. Schematic arrangement 
of Limulus preparation. 





Visual receptor cell % 3 
< 


To amplifier 


which remains alive when excised with a part of its optic nerve remain- 
ing attached to it. It can then be fixed to an apparatus and it is possible 
to record electrically the impulses travelling in one of the fibres of the 
nerve when the corresponding visual cell is stimulated by light’. The 
visual cell is connected directly to its nerve fibre, without any inter- 
mediary neuron. Figure 6 gives a very schematic representation of the 
arrangement used. 

In the case of the frog, it is possible to record the impulses in a nerve 
fibre lifted from the surface of the retina and to find the region of the 
retina, the ‘receptive field’, corresponding to the fibre®. Large numbers 
of photoreceptors, contained in this receptive field, are here linked to 
the optic nerve fibre, in a complicated way, through intermediary 
neurons (Figure 7). The situation in vertebrate eyes is thus much more 
complex than in the eye of Limulus. 

Quantum effects have been studied in the case of Limulus’, but not, 
so far, in vertebrate preparations. The structure of the human retina 


Optic nerve 

fibre 

Figure 7. Schematic arrangement - 

of photoreceptor-optic nerve fibre : Bioolar ce// 
system. 


Photoreceptors 
ocentra/ \ 
NErVOUS 


system 


is very complicated and resembles that of the frog. Besides peripheral 
sensory mechanisms similar to those isolated in the above preparations, 
experiments on the human threshold bring into action the central 
nervous system as well as motor mechanisms. Again, such experiments 
may be expected to involve more than one single optic nerve fibre. By 
certain of their aspects the experiments on man therefore are much 
more complicated than those on single fibre preparations. Nevertheless 
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they offer certain obvious advantages, one of which is the comparative 
ease of experimentation and another that one is dealing with an intact 
organism under normal conditions*. 


SYMBOLISM 


The following mathematical symbols will be used: 


h 
y 


Bs 


Planck’s constant 

light frequency 

total number of possible individual processes by which the light 
source can emit one quantum which will be ‘absorbed in the 
retina’ in the sense given on p 200 

probability of any one of the above processes taking place 

== yg, mean number of quanta absorbed by the retina in one trial 
Poisson term giving the probability of an actual number x of 


quanta being absorbed in the retina 
probability of at least n quanta being absorbed in the retina; also 
probability of having a ‘response’ when the retinal threshold is n, 


‘response’ being as defined on p 205 
retinal threshold 7.e. number of quanta which must be absorbed 
in the retina in order to produce a response, according to the 
simple theory, p 205 

mean of p, when n varies 

statistical weight attached to each value of /,, 

2)...., (NM) designate different independent detectors of light, 
as defined on p 213 

probability of a response with V independent light detectors 
having respectively the probabilities p,,), ).», Pj, .-.+ Pyw) of de- 
termining a response 

B, C,.... designate different retinal areas 

minimum number of nerve impulses corresponding to the ‘re- 


sponse’ in such a case as the Limulus preparation; see p 205. 


THE POISSON EQUATION 


Demonstration 

As is universally known, the quantum theory states that any emission 
or absorption of radiation takes place in a number of individual, 
discrete events. In each of these events, one single quantum fy is 
exchanged. No fraction of a quantum can be exchanged. For instance, 
when a quantum passes through an optical layer, it will either be 
absorbed, or will not be absorbed. It cannot be ‘weakened’, that is, 
partly absorbed. When studying quantum events, we deal only with 
probabilities, such as the probability of absorption of a quantum by an 
optical layer. 


* For further information and references, see ref 8. 
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In the present experiments, consider the following elementary proc- 
ess. A quantum is emitted by the (monochromatic) light source, it 
passes through the apparatus and through the eye media without being 
absorbed or reflected, and it is eventually absorbed by a molecule of 
photosensitive substance in a retinal photoreceptor. In any one trial, 
1.e. during one single flash of given duration, the total number of 
possible processes of this kind is very large, but the probability of any 
one of them actually occurring is very small. The number of possible 
processes is of the order of the number of atoms which constitute the 
hot filament of the lamp. Consider one of these atoms during the period 
of time in which the shutter is opened. Either it will, or it will not, 
emit one quantum. If such a quantum is emitted, it may be ‘lost’ 
before reaching the retina. Even if it reaches the retina, it may pass 
through it without being absorbed in a photoreceptor. Thus for any 
given atom of the filament, the probability must be very small of 
sending to the retina one quantum which will actually be absorbed so 
that it may take part in the excitatory process. Let this probability be 
called g. Let the total number of possible processes of this kind, 2.e. the 
number of.atoms capable of emitting one quantum, be called _». 

In threshold experiments such as are discussed here, the probabilities 
q of the » possible processes can be taken to be independent of one 
another. The number of photosensitive molecules acted upon in the 
retina is very small compared to the total number of such molecules 
contained in the photoreceptors. Therefore the occurrence or non- 
occurrence of some successful processes has only a negligible effect on 
the probabilities of the other processes. (Such would not be so if the 


1¢ 


retina was hit by a very large number of quanta, sufficient to bleach an 
appreciable amount, instead of only a few molecules, of visual purple. 
The quanta in early parts of the flash would then cause a decrease of 
the absorption probability for quanta arriving later during the flash.) 

Thus we are dealing here with y possible processes, independent of 
one another and each having a probability g of taking place. Under 
such conditions, the probability that x processes of this kind take place 
together is given by the binomial term 


& ) q* ( l—¢) y—x 


This term therefore represents the probability of a total number x of 
quanta being absorbed in the retina. 

By a quantum ‘being absorbed in the retina’ or ‘delivered to the 
retina’, we mean, for the sake of brevity, a quantum which is absorbed 
by the photosensitive substance contained in a retinal photoreceptor. 
This absorption must occur in such a way that it can determine a 
certain state of excitation in this receptor. The latter condition is 


200 





THE POISSON EQUATION 


necessary because of certain hypotheses which have been put forward 
with regard to the photochemical excitation of retinal receptors. Ac- 
cording to one of these, part of the visual purple contained in a dark- 
adapted rod would constitute merely a reservoir of substance playing 
no role in the photochemical process. A quantum absorbed by this 
inactive visual purple—if the hypothesis is correct—-would here be 
described as ‘non-absorbed’. 

Now, as is well known, the limit of the binomial term 1 when » 
approaches infinity and g approaches zero, but in such a manner that 
yg = a remains finite, is the Poisson term 


I] exp a a‘/x ! Ps 


It can also be demonstrated that the value a = yg is the mean number 
of quanta absorbed by the retina in one trial’. 

In general the y atoms we considered will not all have the same 
probability g of delive ‘ring one quantum to the retina. In order to deal 
with this possibility, we divide the y atoms into a number of homogene- 
ous sets. Each of these sets is formed of the atoms for which the proba- 
bility g has a given value. Assume first that we are dealing with two 
such sets only. We call them J and J/. The first set J contains _y, atoms, 
for each of which the probability of delivering one quantum to the 
retina is g,; the mean number delivered is _y, g, = a,, and the proba- 
bility of J delivering x quanta is (J), = exp a, /x!.¥For the 
second set // we have similarly y,,4¢,, = a,,, the probability of this set 


delivering x quanta being (JJ), =exp(—a,) x a, /x!. Ifthe two 
sets are independent, the probability of a total number x of quanta 
being delivered by both sets acting simultaneously is a sum of binary 
probability products. These products correspond to all the cases in 
which the quanta delivered by J added to those delivered by // make 


up a total equal to x, thus 


.+ (D, (44 + (1), (1), 


0 x 1 #—I 


Replacing the probabilities by their values, this becomes 


exp 


BP Tipe 
= exp) (a, 


This proves that these two sets J and // taken together behave in the 
same way as one single set for which the mean number of quanta 
delivered is equal to the sum of the mean numbers for J and for JJ 
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separately. This result, being true for two, will be true for three sets, 
and for any number of sets. 

The probability /7, of an actual number x of quanta being absorbed 
by the retina will therefore be given by the Poisson equation 2 in which 
the mean number a of quanta absorbed refers to the source of light 
taken as one whole 


——-4 as —+- = pon ) + ) -+- ) me ( \ 
a=4,7 4,17 4,,1 ++ IVs Ida t Id T° one ete 


This is true provided the different sets of atoms, J, I/, II/,... are 
independent of one another and the numbers of atoms »,, 9,,,_¥,,, they 
contain are large enough for the Poisson approximation to be appli- 
cable to each of them. The total number of atoms involved in the 
experiment is generally very large. Except in very exceptional cases, 
therefore, it will be possible to consider* them as forming a number of 
sets, each of which fulfils to a high degree of approximation the above- 
mentioned conditions. 

In conclusion, it is generally permissible to use the Poisson equation 
2 and thus to calculate merely in terms of the mean number a of quanta 
absorbed, the probability /7, of any number x of quanta being ab- 
sorbed by the retina. 


The same Poisson equation can apply to many experimental arrangements 

It is important to note that the Poisson probability, defined by equation 
2, is a function only of the parameter a given by equation 3. It does 
not depend upon the value of y,, y,,,.... and 9,, 4,,.... taken sepa- 
rately. In practice, this is a great advantage, for it would be most 
difficult to determine these parameters exactly. Information 1s 
generally lacking concerning the individual processes involved in 
the emission of quanta by the lamp filament. ‘These processes may 
not be linked to individual atoms, as was supposed above, but to 
individual electrons. Again they may be linked only to some of the 
atoms, or electrons, in the filament. Such uncertainties are of no 
importance with regard to the validity of the Poisson equation 2. 
Even though the statistics of the individual quantum processes 
involved is not known exactly, the probability /7, can be calculated 
in terms of a alone. 

It also follows from the above that, for a given value of a, the proba- 
bility /7, will remain the same independently of the particular experi- 
mental arrangement used. 

For instance, a black body instead of an electric bulb may be used 
as a light source. Again, the light source may be replaced by a more 
* It may be pointed out that limitations which may effect the processes of quantum emission will merely affect 
the values of the probabilities ¢. Thus the elementary processes may be ruled by the Bose-Einstein statistics, for 
instance, but this fact is implicitly taken into account in the present reasoning and no further correction is 
necessary. 
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powerful one, the increase of intensity being compensated by additional 
light-absorbing filters. 

Similarly, the magnitude of the light losses suffered in the eye media, 
and in the retina itself, has no direct relevance to the present statistical 
problem. To take two extremes, it does not matter whether a very 
small fraction only of the number of quanta hitting the cornea even- 
tually is absorbed by the retina, or whether—in an ideal case—all the 
quanta entering the eye are absorbed by the retina. What matters is 
only the value of the mean number a of quanta absorbed by the retina 
under the circumstances considered. This is a point of great practical 
importance in the study of visual thresholds, since it is obviously diffi- 
cult to determine the absorption properties of the media and of the 
retina of living human eyes. 

The above considerations depend on the fact that changes in the 
values of the » parameters and the g parameters may be effected 
without changing a, the sum of their products. Sometimes both »’s and 
gs may remain constant, while the various probabilities of which the 
q’s are the products vary in different ways. This, for instance, will apply 
if the media of a particular eye have a transmission higher than usual, 
and if this is exactly compensated for the introduction of an additional 
absorbing filter in the light beam before it reaches the eye. 


The Poisson equation ts unaffected by irregularities of the retina and retinal image 
The Poisson equation 2 remains valid whatever the mean, or nominal, 
distribution of light in the image of the source which is formed on the 
retina, and in spite of irregularities in the structure of the retina. 
Under given experimental conditions, there is, notwithstanding these 
complications, a definite probability of any one atom of the light source 
emitting a quantum which will be absorbed by the photosensitive 
substance in a retinal receptor. Now this fact is the essential basis of the 
theory given above. The theory, therefore, remains valid even if the 
source, and its retinal image, are purposely made up of a number of 
patches having different (nominal) light intensities. ‘The following 
conditions, which may occur naturally, will also leave the validity of 
the theory unaffected: optical aberrations and diffraction effects leading 
to a retinal distribution of light different from the distribution pre- 
dicted purely on the basis of geometrical optics; variations in the amount 
of photosensitive substance contained in the different individual re- 
ceptors; the presence of certain retinal structures between the receptors 
and the pupil, shielding the various receptors to various extents from 
the light; the existence of gaps in between the retinal receptors, so 
that quanta falling in these gaps are lost for the visual process. 
Such conditions do not influence the validity of the Poisson equation, 
which does not in any way require the retina to be homogeneous 
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in its properties, or the retinal image to be of uniform intensity. 
The theory, however, implies that the retinal area used in the experi- 
ment contains a number of potentially active molecules of photosensi- 
tive substance which is large in comparison with the number of quanta 
absorbed by such molecules. ‘This condition can generally be taken as 
fulfilled since it is estimated, for instance, that each rod of the dark- 
adapted frog retina contains about 10° molecules of visual purple’. 
It must be borne in mind that here we are considering simply the 
number of quanta absorbed, disregarding the manner in which these 
quanta are distributed on the retina. It is with regard to this total 
number of quanta that the Poisson equation is valid. It is obvious, 
however, that the Poisson equation 2 does not in general give the 
number of retinal receptors having absorbed light, since it is possible 
for one receptor to absorb more than one quantum. In small retinal 
areas the discrepancy may be considerable, since the number of re- 


ceptors capable of absorbing quanta may be of the same order as, or 


smaller than, the average number of quanta actually absorbed. The 
cases in which some of the receptors absorb several quanta will be 
considered later. 


The quantum fluctuations cannot be eliminated by using special arrangements 
Quantum fluctuations will always be present. Within the conditions 
laid down in the preceding paragraphs no change in the experimental 
arrangement will be capable even of affecting the dependence of the 
probability /7, upon the mean number a of quanta absorbed by the 
retina. 

It is possible to imagine experimental arrangements in which the 
number »y would be small enough to make the Poisson approximation 
invalid. Their practical realization might present considerable diffi- 
culties. Ideally such an arrangement would, for instance, consist of a 
source of light made up of a sufficiently small number of quanta- 
emitting elementary systems, this source being placed close against the 
retina. In such a case, it might be necessary to use the binomial terms 1! 
for each homogeneous set of elementary systems, instead of using the 
Poisson approximation. However, the statistical nature of the absorp- 
tion of quanta would be by no means eliminated. Only the mathe- 
matical law governing the statistics would differ from the usual one. 

Thus we cannot, by changing the experimental arrangement in any 
way, get rid of the physical fluctuations occurring in the number of 
quanta absorbed by the retina. Further, in general, these fluctuations 
will depend quantitatively upon the mean number of quanta absorbed 
a only, and not upon the details of the experimental arrangement. 
They will be independent of the transmission factor of the eye media, 
of the characteristics of the retinal image, of the details of retinal 


204 





PROBABILITY OF THE ORGANISM GIVING A RESPONSE 


structure, and of the absorption coefficients of the layers of photo- 
sensitive substance presented to the incident light by the various retinal 
receptors. 


PROBABILITY OF THE ORGANISM GIVING A RESPONSE 
Basic assumption 
The probability p, of at least n quanta being absorbed by the retina is 
obviously the sum sn the probabilities of x being equal to n, to (n + 1), 
to (n + 2),... . It is clear that 


- n 1 n 1 
= PS U.= | — x Il, 1— > exp (—a < a*/x! 


x=N ¥=0 x=0 


Figure 4 gives pf, plotted against log a, for various values of n. 

We now make the following simple assumption: the organism always 
gives a response when the number of quanta absorbed by the retina is 
equal to or greater than n; it never gives a response when this number 
is less than x. The probability of the organism giving a response is then 
by definition the probability p, of equation {. 

[It is already clear from simple experimental observations that this 
basic assumption can not be universally valid independently of the 
temporal and spatial distributions of the quanta. We will now examine 
more closely its meaning and its limits of validity. 


Definition of ‘response’ 

In experiments studying the absolute threshold of a human subject, we 
call ‘response’ the fact of the subject signalling that he has seen the illu- 
minated test-field, for instance, by pressing a key according to a pre- 
arranged convention. The intensity of stimulation here is difficult to 
take into consideration. As a rule, the subject is merely told to signal 
whether he has seen the test-field or not; he is not asked to say whether 
the field looks bright or dim to him when he sees it. 

In a simpler case such as the Limulus preparation, we call ‘response’ 
the discharge by an optic nerve fibre of at least a certain number of 
impulses, chosen in advance. Here the varying strength of the discharge 
of impulses is readily taken into consideration. It is possible to study 
the chance of having a discharge consisting of at least one nerve 
impulse, the chance of having a discharge consisting of at least two 


impulses etc’. In general, a response will be a discharge consisting of z, 


or more than z, impulses; a discharge consisting of (zg — 1), or less 
than (z — 1) impulses, being called ‘no response’ 

With reference to cases such as the latter, it may be useful to point 
out that, while the number z of quanta will depend on the number z of 


impulses considered, no definite relationship can a priort be expected to 
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exist between these two integral numbers. The relationship linking 
them must be expected to be different in different experimental 
situations. The number z therefore does not enter as a parameter into 
the statistical calculations, in which it plays no direct role. Unlike the 
value of n, the value of z cannot, in principle, be calculated purely on 
the basis of experimental determinations of the probability ofa response. 


Meaning of ‘constant sensitivity’ 

The basic assumption made above means that the sensitivity of the 
organism is ‘constant’ during the whole of the experiment considered, 
in the sense that x quanta will always be sufficient to determine a given 
response while (n 1) quanta will always be insufficient. It is clear 
that the number n of quanta represents, at the very locus of action of 
light upon the organism, the stimulus of threshold strength correspond- 
ing to a response as defined above. ‘The number nz will be called the 
‘retinal threshold’. We assume here that the conditions of equivalence 
implied in the basic assumption, and which will be discussed presently, 


are satisfied. 

In the present connection, variations of sensitivity can only be 
detected as changes in the retinal threshold x. Thus constancy of sensi- 
tivity here merely means constancy of n. It does not imply perfect 


constancy of the retina and of the other relevant parts of the organism 
involved in the experiment—such as, with human subjects, nerves, 
brain, muscles, and so forth. Changes continually occur in the organism. 
But if they are such that they do not entail a change in the value of n, 
the sensitivity of the organism will in the present connection appear as 
‘constant’. 

The fact that the retinal threshold has a constant value m means that 
(n — 1) quanta are insufficient for determining a response, whereas n 
are sufficient. Now we might imagine that z quanta are sometimes just 
sufficient to determine a response, while at other times there is, so to 
speak, a larger margin of safety, (n — 1) quanta being almost sufficient 
on certain occasions. This leads to the idea that the organism may 
undergo continuous variations of sensitivity, even though of course 
these cannot be reflected as fractional variations in the number n of 
quanta. From a purely theoretical point of view, the varying sensitivity 
could be given varying numerical values within the range defined by 
the two extreme values compatible with n being constant, namely, the 
value corresponding to (n — 1) quanta being just insufficient and that 
corresponding to n quanta being just sufficient. 

Now it is important to realize that, on a relative basis, the change 
from n to (n— 1) is a large one when n is small. When n = 5, for in- 
stance, it amounts to 20 per cent. Let us consider this assuming, for the 
sake of argument, that the biological sensitivity can undergo variations 
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of + 5 per cent. If the average sensitivity value lies within a certain 
central range, variations of 5 per cent will leave the threshold n = 5 
unaffected. If its value lies in a certain marginal range near the upper 
(or lower) extreme value compatible with n = 5, the threshold n will 
sometimes change to n = 6 (or ton = 4). However, it will not reach 
the values n = 7 orn = 3. Variations of at least + 20 per cent or — 25 
per cent would be necessary to effect the latter changes. Thus, occa- 
sionally, a certain amount of biological variability will be compatible 
with perfect constancy of n. At other times such biological variability 
will lead to the value of n changing by one single quantum, but no 
more. More important changes, such as n jumping from 5 to 7, or 
from 5 to 4 and to 6, require fairly large changes of sensitivity—and 
these will have to be larger still if 2 is smaller than the value 5, which 
has been chosen here by way of illustration. 

The analogy of an automatic machine for delivering tickets may be 
helpful here. A 5-pence machine will deliver a ticket when 5 pennies 
are inserted in the slot, and will not deliver it when 4 pennies are 
inserted. Such a machine will function reliably over long periods of 
time. Disturbances such as variations of temperature, vibrations, 
shocks, will generally leave the value of its ‘threshold’, 5 pennies, 
unaffected, although they would affect its ‘sensitivity’ if this were 
measured, say, in terms of milligrammes, using balance weights instead 
of pennies. The organism constancy here referred to is much more 
similar to that of such a machine than to the constancy which is ex- 
pected of a good balance for the measurement of weights. ‘The amounts 
of matter weighed in the balance may, on a relative scale, vary by 
minute fractions. Such variations have no counterpart in the amounts 
of light corresponding to a few quanta only. 

The balance may, however, be used as an analogy in the present 
connection if it is assumed that its ‘constancy’ consists in its tipping 
over when n grains of shot are placed in one of the pans, and its not 
tipping over when (n — 1) grains of shot are used—clearly no high 
requirement of precision. 

On these grounds it should be wrong to expect that, because the eye 
has a high absolute sensitivity to light, its sensitivity must, for this very 
reason, be observed to vary from trial to trial in the course of an 
experiment. On the contrary, it is rather the reverse which might be 
expected, since when the threshold is lower the smallest possible change 
which it can undergo is likely to correspond to a greater relative change 
in the state of the organism. 

It is true that there are systems of a different kind, such as galvano- 
meters, in which high absolute sensitivity entails an instability due to 
Brownian movement; this, as is universally known, sets a natural limit 
to the accuracy of the galvanometer. The visual system, however, is 
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different. In the galvanometer, thermal motion will cause deflections 
quite similar to those caused in the normal way by weak electrical 
currents. But in the retina, thermal agitation alone is generally in- 
capable of causing an excitation similar to that which can be deter- 
mined by genuine light stimulation. While, therefore, thermal motion 
is bound to cause instability in the galvanometer—and in the ear, 
which in this respect is quite different from the eye—this is not so with 


the retina*. 


CONDITION OF EQUIVALENCE IMPLIED IN THE 
BASIC ASSUMPTION 
Since equation 4 merely refers to 2 quanta, without taking into account 
their timing or position, it implies that all the quanta absorbed must 
play equivalent roles in the excitation process. 

Thus the basic assumption implies the following conditions of 
equivalence: the effect produced by a given number of absorbed quanta 
is the same in whichever way these quanta are distributed, both in 
space, within the retinal image of the test-field, and in time, within the 
duration of any one trial. It is known from simple experimental obser- 
vations that this condition is certainly not fulfilled under all circum- 
stances. When it seems likely to be fulfilled, it is interesting to find out 
by which methods its validity may be rigorously tested. 


Time and equivalence 

The temporal distribution of the quanta absorbed during a flash will 
be random. It may therefore happen that the quanta delivered to the 
retina are all absorbed during one particular fraction of the total 
duration of the flash. Now a flash with such a particular time distri- 
bution will act in the same way as an ordinary flash of shorter duration 
and higher intensity, delivering to the retina the same number of 
quanta. Accordingly, if the condition of equivalence is satisfied, re- 
ducing the duration of the flash without altering its total content of 
quanta should leave the outcome of the experiment unaffected. 

With the human retina the condition of equivalence is certainly not 
fulfilled for durations of the order of one second or more. For it is an 
experimental fact that if the total light content of such a long flash is, 
so to speak, concentrated within a flash of 1 msec duration, this briefer 
flash will generally be more readily seen than the long one. However, 
it is observed that for durations below o'1 or o’o1 sec, it is the (mean) 
total amount of light contained in the flash, irrespective of duration, 
which matters in determinations of the absolute threshold'?. This 
suggests that the equivalence condition is fulfilled for such short 
* Thermal motion may, however, play a subsidiary role in the excitation of the retina by long-wave radiation 
at the red end of the visible spectrum!!, 
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durations—and, incidentally, it explains why flashes lasting 0°001 sec, for 
instance, are often used in experiments. The above is only one of many 
possible tests, however. It must necessarily succeed if equivalence 
exists, but its success may not be a sufficient condition for equivalence. 

Further experiments seem to be needed in this connection. A more 


searching test than the mere changing of the total duration of a light 
exposure of constant intensity would consist in giving a light exposure 
made up of several flashes. One might use, for instance, two flashes each 
of 1 msec duration separated by a dark interval of 90 msec, or a series 
of nine such flashes separated by 10 msec intervals. Let us assume for 
the sake of argument that the condition of equivalence is fulfilled for 
total exposure durations up to 100 msec. The outcome of the experi- 


ment should then be the same irrespective of the way in which the 
(nominal) light intensity varies in time within one single exposure—of 
total duration not greater than 100 msec. It should therefore be the 
same for a 100 msec exposure of constant intensity, and for exposure 
made up of discrete flashes as mentioned above, the total (nominal 

light content of the flashes being the only deciding factor in the 
experiments. 

Experiments using two flashes should be informative even when the 
flashes are separated_by an interval longer than that within which the 
equivalence condition is valid. They should show whether the two 
flashes act independently on the visual system, or whether there is 
interaction between them, in the shape of facilitation or inhibition. 
Experiments on Limulus have shown that even a flash which is sub- 
liminal may be able to exert an inhibiting influence on a subsequent 
flash’, 


Area and equivalence 

The general considerations applying to duration also apply, mutatis 
mutandis, to area. In the human retina, experiments are often made 
using small areas, subtending for instance a visual angle of 10’, because 
then the total amount of light corresponding to the absolute threshold 
is, at least to a certain approximation, independent of the magnitude 
of the area!®!4, 

Again it is a fact of observation that equivalence does not exist when 
we consider larger areas, having diameters subtending visual angles of 
more than 3 or 4 degrees of arc. For the total light content of the flash 
corresponding to threshold is then found to be greater than for the 
smaller areas which have just been mentioned’**4, 

The quanta absorbed by the retina must play equivalent roles in the 
excitation process, in rather the same way as grains of shot may be 
placed in one of the pans of a balance in order to tip it over. Now if a 
given quantity of shot was arbitrarily divided between two pans 
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belonging to two different balances, each balance might, or might not, 
tip over, depending upon how the shot is distributed between them. A 
grain of shot in one pan does not necessarily play the same role as a 
grain in the pan of the other balance. 

Similarly, consider what happens when the light falling on the retina 
of a human subject is capable of exciting more than one single func- 
tional unit in the visual system. Assume that the retinal area receiving 
the image of the test-field contains rods connected to two nervous 
mechanisms, each of which is capable of determining a response of the 
organism when it alone is excited. It is obvious that in general the 
production of a response here does not depend uniquely on the total 
number of quanta absorbed by the retina, but also on the manner in 
which these quanta are distributed between the two mechanisms. ‘The 
condition of equivalence is not fulfilled in such a case: the basic 
assumption does not apply and equation 4 cannot be used. 

The problem of equivalence and retinal area, which is linked to the 
more general problem of interaction in the retina, requires very careful 
scrutiny in practice. Experimental studies of the threshold have been 
made using, for instance, circular areas of various sizes. But here, as 
for duration, many other experiments can be made. It is possible, for 
instance, to divide a given area into different parts and to study the 
threshold first for each part in turn, and then for the area as a whole. 
Similar experiments can be made with a number of discrete areas 
separated by unstimulated regions, using them first one by one, and 
then all together. It will be found either that different retinal areas 
influence one another when they are simultaneously excited, or that 
they are independent of one another. Interaction between retinal 
areas may take the form of inhibition or facilitation. Facilitation 
itself includes the particular form of summation which corresponds to 
equivalence as defined here, when the outcome of the experiment is 
decided exclusively by the number of quanta absorbed, independently 
of their spatial distribution on the retina. 

The Poisson equation can legitimately be used only if the condition 
of equivalence, in time as well as in space, is fulfilled. Considerable 
work may be needed in order to establish this, for we must, for in- 
stance, reckon with the possibility of optic nerve fibres having re- 
ceptive fields which overlap one another in the retina. Overlap of 
this kind has been demonstrated electrophysiologically in the retina 
of the frog®. Such instances can hardly be studied by the methods 
given above, for reducing the size of the retinal area stimulated will 
be of no avail here when we want to isolate one single light-detecting 
mechanism. 

Other complications of a particular kind may be expected to occur 
frequently; they will be discussed in the next section. 
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Multiple hits and equivalence 

The condition of equivalence would not be fulfilled if quanta absorbed 
in one part of the retinal image of the test-field were more effective in 
causing excitation than those absorbed in another part. 

For instance, the following possibility may be considered. Quanta 
absorbed near the centre of the receptive field of a nerve fibre might 
be more effective than quanta, in equal number, absorbed at various 
places around the edge of the receptive field. This is a mere hypothesis. 
There is, however, another situation which is bound to occur often, 
and which may then invalidate the condition of equivalence—although 
definite information is lacking about the latter point. This is the situ- 
ation which arises when, among the retinal rods—or, in general, 
receptors—which absorb light, some absorb only one quantum and 
others absorb several. 

We call a ‘multiple hit’ the absorption by a rod of more than one 
quantum, and a ‘single hit’ the absorption by a rod of one quantum 
only. For the sake of argument, let us assume that in a retinal rod the 
same state of excitation is determined by the absorption of one, two, 
three or more quanta, the response of the rods to light excitation being 
therefore of an all-or-none character. Now it is obvious that the quanta 
involved in single hits here play a different role from those involved in 
multiple hits. For instance, one quantum in a single hit determines an 
excitation as great as the total excitation determined by two quanta in 
a double hit, three in a triple hit etc. Thus if the number of multiple 
hits is not negligibly small, both the basic assumption and equation 4 
are invalid. 

On the other hand, it is possible to imagine that the outcome of the 
absorption of two quanta in one rod is exactly equivalent to that of 
the absorption of one quantum in one rod and one quantum in an- 
other rod, and that similar conditions apply to all multiple hits. If this 
was so, all quanta absorbed would play equivalent roles and the basic 
assumption would be valid. 

It is also possible that the condition of equivalence is not fulfilled and 
yet that the situation does not correspond to the first of the extreme 
cases which have just been discussed. Direct information is lacking on 
this point. 

The difficulty, however, does not arise when only single hits occur, 
The theoretical discussion of experiments in which multiple hits are so 
few that they can be disregarded will thus be greatly simplified. 


BIOLOGICAL VARIATIONS 


Variations of the retinal threshold n 
Let us consider a series of trials constituting, for instance, an ex- 
periment on the human threshold of vision. Let us assume that the 
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condition of equivalence implied in the basic assumption, and discussed 
in previous paragraphs, is fulfilled. The basic assumption then applies 
to any given individual trial considered separately. For, at any given 
moment, the retinal threshold m must have a certain definite value, 
corresponding to the state of the organism at this moment. From trial 
to trial, however, the value of nm may vary, thus reflecting biological 
variations in the organism’s sensitivity. It is necessary to discuss the 
way in which such variations, when they exist, will affect the calcu- 
lations. 

In the course of an experiment such as that mentioned above, the 
retinal threshold x may thus assume a number of different values n,, 
n,,.... etc. The probability p of the organism giving a response is then 
the mean of the values of p,, equation 4, for n My, M%,.... ett. This 
mean must be taken in such a way that the values p,,, Py, 
statistical weights w,, w, which correspond to the proportion of 
trials in which n is equal to n,, n, etc and is given by 


p 1 Pn, W> Pn, + W3 Pn. 


As a rule it is very difficult or even impossible to obtain independent 
information about the values of the coefficients w. 

It is worth showing in some detail that, under the above conditions, 
changes in the sensitivity of the organism can make themselves felt only 
as changes in the value of the retinal threshold n. For the human 
threshold—which is the more complicated—we are dealing with a 
chain of nervous excitation processes spreading in the organism from 
the stimulation of the retina to the stimulation of the muscles which 
make the hand of the subject press the signalling key. In any given 
trial, there is a series of barriers to be crossed by the nervous excitation 
from the sensory to the motor end of this chain. One of these obviously 
must be a critical barrier, such that when it is crossed the excitation 
reaches the motor end without further hindrance. Now we may, in 
thought, go backwards from the critical barrier—whatever it may be 
to the retina. We see that to a given height of the barrier will correspond 
a certain critical level of retinal excitation, such as a given discharge of 
impulses in one of the fibres which go to form the optic nerve. Suppose 
that the state of the organism changes in such a way that the height of 
the critical barrier increases. The number of necessary impulses in the 
optic nerve fibre will then also increase, and in turn more quanta will 
have to be absorbed by the retina in order to determine this increased 
nervous discharge. Ultimately, therefore, biological variations of the 
organism’s sensitivity are reflected merely in variations of the retinal 
threshold n. The same conclusion is valid for simpler cases, such as that 
of the single-fibre preparation of Limulus. 
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Other biological variations 
There are of course many other ways in which changes in the organism 
may influence threshold experiments. For instance, the concentration 
of photosensitive substance in the rods and cones may change. Such 
variations do not necessarily affect the value of n. There may also be 
variations due to such causes as inaccuracy of fixation, but these belong 
rather to the same category as instrumental errors. They must be 
discussed in connection with each particular type of experiment under 
consideration. 

THE CASE OF SEVERAL INDEPENDENT LIGHT-DETECTORS 
Probability of obtaining a response 
It has been seen that the assumption on which equation 4 is based 
becomes invalid with several independent detectors of light. The prob- 
ability P of obtaining a response through the intermediary of at least 
one of the detectors, which we call (1), N), can however be 
readily calculated in terms of the probabilities p,,, pP.,..-. Poy, of 
obtaining a response through each of the WV detectors taken separately. 
It is? 


P= Pa) (1—fe)->- on ee 


The use of this equation of course implies that p,,, p 


independent probabilities. A closer definition of ‘independent detectors 


of light’ is therefore desirable. 

We call a retinal light-detector a system consisting of a number of 
photoreceptors linked through nervous connections to that part of the 
organism where the response under consideration can be observed. We 
say the two such light-detectors are independent of one another when 
the stimulation or non-stimulation of one of them is without influence 
on the probability of the other system giving a response. 

In the human organism, several independent light-detectors may 
have at least the last link of the chain, that is the arm muscles, in 
common. In this sense there is a connection between them, but this 
does not in any way preclude the possibility that their individual proba- 
bilities of determining a response are independent. In fact, using 
equation 6 as a test, it was found experimentally that corresponding 
regions of the two retinae of a human subject constitute independent 
light-detectors according to the above meaning? (Figure 8). 

With the Limulus preparation, it is most likely that each individual 
visual cell, connected directly to its own single nerve fibre, constitutes 
one independent light-detector. 

With the vertebrate retina, we must, of course, often expect to be 
dealing with several distinct light-detectors. Each of these may, for 
instance, correspond to one fibre of the optic nerve. As mentioned 
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above, it has been found in the frog retina that a definite ‘receptive 
field’ corresponds to a given optic fibre®. The problem of the inde- 
pendence or non-independence of such light-detectors then arises. Inde- 
pendence may be non-existent on account of interaction either in the 
retina or at nervous levels beyond the optic nerve itself. It must be 
noted that light-detectors which are independent under certain condi- 





Figure 8. Showing the fre- 
quency with which the test- 
field is seen when both eyes 
are used (B, ©), when the 
right eye is used (R, , and 
when the left eye is used alone 
L, x). The probability pg of 
seeing with both eyes can be 
calculated in terms of the prob- 
abilities Pp and pf, for the right 
eye and left eye respectively 
Pp=1 l— pr) (1— pr 
After PrrENNE’®.) 
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tions, such as under near-threshold stimulation, might theoretically 
cease to be so under other conditions, such as high intensities of light 


stimulation. Inhibition and facilitation in the retina are types of 
interaction which may prevent ligat-detectors from being independent 
of one another. In inhibition the probability p will be smaller than the 
value calculated using equation 6, in facilitation it will be greater. 

In the vertebrate eye the situation must always be expected to be 
more complicated than in Limulus, even when we consider merely a 
single optic nerve fibre and the photoreceptors directly linked to it, 
together with the connections through which this linkage is effected in 
the retina. Some single units of this kind are found to give responses of 
a very peculiar kind (‘off’ fibres, in which there is a discharge of 
impulses only after the light stimulation has been cut off®). Even if we 
consider only ordinary responses, it may be necessary, for instance, to 
investigate the possibility that various photoreceptors belonging to one 
unit might form several independent light-detectors in the above 
meaning. 

Here, and elsewhere, equation 6 will be useful to test the inde- 
pendence or non-independence of parts of the visual system. When 
there is no independence the situation may be difficult to treat quan- 
titatively, unless it reduces to the simple cases where equation 4 or 5 
is valid. 

When the probabilities f,,), pa), « . « «Py, of equation 6 are independent, 
the equation is valid. This may apply although each probability p 
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is in part determined by biological variations, as expressed by equa- 
tion 5. Equation 6 would remain valid even if there were biological 
variations only, provided they occurred independently in the different 
light-detectors—although the complete absence of quantum fluctuation 
of course cannot be taken as a possibility within the framework of 


modern physics. 


THE PARTICULAR CASE Nn 


Independent light-detectors 
If one quantum absorbed by the retina was sufficient to determine a 
response, very special consequences would follow. These must be 


discussed as a preliminary to the demonstration that n > 1 in the visual 
systems studied so far. 

For a retinal threshold n = 1, equation 4, which gives the proba- 
bility of at least m quanta being absorbed by the retina, becomes 

p,= 1 — exp (—a) re 

a being the mean number of quanta absorbed. The exponential term 
of course represents the probability of no quantum being absorbed. 

Consider now an experiment involving simultaneously several retinal 
areas A, B, C etc towards all of which light is directed during each 
trial. The mean numbers of quanta absorbed in these areas are respect- 
ively a4, dg, ac,.... etc. Under the same conditions, the proba- 
bility of a response en area A alone is used in the experiment 
is Pp ‘1 — exp (— ay4)!. Similar equations apply to the other areas 
B, C ete. 

Let us assume now that A, B, C,.... belong to independent light- 
detectors. Equation 6 gives the probability of producing a response. It 
is written here 


>. xn? — (a+ 2@.+- @-- 
Pu l—exp} — (2+ 6+ 6-1 


We see that P is a function of the sum (a4 + ag + ag + ....) only. 
That is, the probability of a response depends only upon the total mean 
number of quanta absorbed by all the light- detectors. It does not 
depend directly upon the mean number absorbed by each detector 
individually. 

Therefore the mean distribution of the absorbed quanta among the 
independent detectors may vary without affecting the probability of 
response. In particular, this probability will remain the same when one 
of the detectors is absorbing a mean number of quanta equal to 
(a4 + ag + ac +....) while the other detectors are not submitted to 
any light stimulus. This can also be verified immediately by replacing 
a by this number in equation 7 which then becomes identical with 
equation 8. 
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Influence of interaction when n = 1 

The assumption that the retinal threshold n is equal to 1 quantum 
means that each detector acted upon separately will produce a response 
when it has absorbed one quantum or several quanta. Interaction 
between simultaneously excited detectors may, however, alter this 
simple behaviour. The forms which interaction can assume when 
n 1 must be examined. 

Consider the retinal areas A, B, C...., each of which can act as a 
detector of light. When submitted to a flash of light, some of these 
detectors will fail to absorb even one quantum. These will therefore 
behave in exactly the same way as those taking no part in the experi- 
ment and can be disregarded. We consider then those detectors which 
have absorbed one quantum, or more than one. Those detectors may 
or may not be independent. We consider the mutually exclusive alter- 
natives: either inhibitory interaction takes place between them, or it 
does not. 

In the alternative of inhibitory interaction, either inhibition will be 
complete or it will be incomplete. If it is complete, no response will be 
produced. Interaction will then definitely modify the probability of 
having a response. If inhibition is not complete, a response will be 
produced through the intermediary of one or several of the detectors. 
If this occurs, there will be a response when at least one of the detectors 
has absorbed one quantum, that is, the outcome of the experiment will 
be the same as if the detectors were independent. 

If there is no inhibitory interaction, either the detectors will be inde- 
pendent, or there will be facilitation between them. In the latter, 
however, the coming into play of facilitation will be superfluous: here 
again there will be a response when at least one of the detectors has 
absorbed one quantum. 

Thus, in the present ideal experiments, the only case in which 
interaction between detectors can affect the probability of having a 
response is a very special one, namely, complete mutual inhibition. 
This is, of course, due to the fact that there can be no subliminal levels 
of excitation when the threshold is one quantum. It will be noted that 
such inhibition will affect the probability of having a response even if it 
occurs during a proportion of the trials. (It is easy to imagine con- 
ditions under which this might be so; for instance, complete mutual 
inhibition might take place between excited detectors only when they 
are contiguous, or only when they are not contiguous.) 


DISCUSSION OF EXPERIMENTAL RESULTS 


Experimental evidence showing that n > 1 in the human eye 
It has sometimes been suggested that the human eye can respond to 
one single quantum. To avoid the possibility of misunderstanding, it 
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may be pointed out that this value cannot refer to the amount of light 
striking the cornea of the eye, but must refer to the retinal threshold n. 
For the probability that one single quantum hitting the retina will 
eventually be absorbed by the retina is, at best, of the order' of, or less 
than o*1. Out of 20 trials in which one quantum hits the cornea, an 
average of about 18 or 1g will correspond to cases in which the retina 
absorbs no light at all and is, therefore, quite incapable of responding 
to the physical stimulus. 

When n 1, that is when the organism could respond to only one 
quantum absorbed by the retina, appears to be ruled out on experi- 
mental grounds. ‘The relevant findings are in disagreement with the 
theoretical consequences to be expected from the hypothesis I. 

Let us refer to the above theoretical discussion on the particular 
relationship which exists between retinal area and probability of 
response when n 1. We have seen that this probability depends upon 
the mean total number of quanta absorbed by all the photoreceptors 
involved in the experiment, provided complete mutual inhibition 
never takes place between excited receptors. Now consider areas of 
different sizes in the same region of the retina. As has been mentioned 
above, it is found that a greater nominal amount of light must be used 
to reach the threshold when, instead of one small area, we use an area 
above a certain critical size'*'4, The threshold is here defined as the 
nominal amount of light corresponding to the subject giving a response 
in, for instance, 50 per cent of the trials. It is reasonable to assume that 
the proportion of incident light absorbed in the retina does not vary 
greatly from one part of the retina to another within the largest area 
used in the experiment. If this is true, the above finding means that 
the frequency of a response is not a function merely of the total nominal 
number of quanta absorbed by the retina. We may conclude that, 
provided the above condition concerning inhibition is satisfied, the 
retinal threshold n is greater than one quantum. It would be desirable 
to find a way of proving experimentally that the proviso concerning 
inhibition can be disregarded here, in order to establish definitely that 
nis not equal to one quantum. 

Certain experiments’ on the absolute threshold made using both 
eyes at the same time indicate that corresponding retinal regions in the 
two eyes behave as independent light-detectors in the sense defined in 
connection with equation 6 (Figure 8). Thus interaction between the 
two retinal areas, including the particular case of complete mutual 
inhibition, is ruled out here. The experimental results then show at 
once that n > 1. In these experiments, there are trials in which a 
(mean) amount Q of light is sent to the right eye simultaneously with 
another equal amount Q to the left. There are also trials in which an 
amount 2Q is sent to one eye only, the other eye receiving no light. 
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According to the theory, the frequency of seeing should be the same in 
these two kinds of trials ifm = 1. It is found, however, that it is markedly 
different in significant cases. For instance if we choose the amount of 
light Q so that the frequency of seeing is about 10 per cent when one 
eye only receives 2Q, we will find that the frequency drops to less than 
I per cent when the two eyes receive an amount equal to Q. This 
proves that, under the conditions considered, the retinal threshold n is 
equal to two quanta or more. 

The various retinal areas, A, B, C,...., considered in the discussion 
of the case n = 1, might be taken as belonging not to one and the same 
retina, nor to the two eyes of one person, but to the eyes of a number of 
different persons. By definition, a ‘response’ is then obtained when at 
least one of these persons has seen the light source. Assuming, for 
the sake of simplicity, that the eyes of all the persons concerned have 
the same properties, it would follow that the probability of seeing the 
source should be the same when using one subject and a source of 


intensity J as when using M subjects and a source of intensity //M. (If 


this was true on board ships, the range of visibility of night beacons 
should, neglecting atmospheric absorption, increase approximately as 
the square root of the number of look-outs watching together in the 
direction of the beacon.) While some increase in the probability of 
seeing may generally be expected when several subjects are used 
simultaneously, observation does not by any means give support to such 
a theoretical prediction. 

There are various other consequences which should follow from 
n 1, but which are also not verified in practice. In fact, there is 
practically no evidence in favour of n 1, while definite demonstra- 
tions, such as that given above in connection with the binocular 
threshold, prove that n > 1. It is therefore established that the retinal 
threshold n is larger than one quantum for the human eye. The same 
conclusion seems to be valid for the other visual systems which have 
been studied. 


Experimental derivations of the value of n 

While it is generally agreed that n is greater than one quantum, there 
is no such agreement with regard to its exact value. There certainly 
seems to be no reason a priori to expect the value of x to be necessarily 
the same in different visual systems and under different experimental 
conditions. 


Direct determination of n—The retinal threshold n represents a number 
of quanta absorbed by the retina. In order to determine it directly we 
must know not only the number of quanta incident upon the eye, but 
also the probability that such a quantum will be absorbed in the retina. 
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The absorption coefficient of the layer of photosensitive substance 
present in the receptors of the retina in the living eye must be known. 
It is only for the visual purple contained in retinal rods that such 
information exists, but it is of a rather approximate nature. It is esti- 
mated that peripheral rods of the dark-adapted human eye probably 
absorb less than 20 per cent of the light incident upon them. On 
account of many difficulties and uncertainties, it has not been possible 
up to now to determine with certainty whether the actual value is close 
to, say, 20, 10 or 5 per cent or is even less than 5 per cent. At the cornea, 
the amount of light of A 0°51 w corresponding to the absolute 
threshold of vision in man is, on the average, of the order of 100 quanta. 
Since the light losses in the optical media amount to about 50 per cent 
for this wavelength, the corresponding value of n might be any integer 
between 10 and 2—and might even be 1, if this value were not excluded 
on other grounds. While direct determinations of the value of n are so 
far lacking in precision, it remains perfectly clear that this value is 
small enough to account for the order of magnitude of the uncertainty 
of seeing observed near the limit of sensitivity of the human eye. 


Derivations of n from statistical considerations—There are many experi- 
ments having results which must be expected to depend on the actual 
value of the parameter n. The theoretical results of the experiment.can 
be calculated on the basis of various possible values of n. Comparison 
of these various theoretical possibilities with the actual findings ought 
to show which value of n corresponds to the actual situation. 

In practice the problem is often complicated by the fact that we do 
not know enough about the details of the visual mechanisms relevant 
to the problem. Certain assumptions about the mechanisms then have 
to be made. When different assumptions are made, different theoretical 
values of nm may of course be found to correspond to one given set of 
observations. 

So far quantum effects have been little studied for single-fibre prepa- 
rations. For the human eye, there is a certain lack of agreement between 
the results of different workers. ‘This does not apply only to the values 
of n derived from different types of experiments. There are also 
discrepancies between the experimental findings, obtained by different 
workers using one and the same method. ‘The experiments themselves 
are time-consuming and require considerable care, so that no rapid 
clarification of these problems may be expected. 


Frequency of seeing curves—Many estimates of n have been made by 
comparing the shape of frequency-of-seeing curves obtained with 
human subjects with the shape of Poisson probability curves calculated 
using equation 4. 
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BrRuMBERG, VAvILOv and ZvERDLOV", using essentially this method, 
found for 4 subjects values of n ranging from 18 to 32 according to the 
subject, the average value of n being 25. In earlier experiments the 
values n 47 and n 8 have also been obtained, for two different 
subjects. 

Hecut, SHLAER and PrreNneE', comparing Poisson and experimental 
curves by a direct method, found values of n ranging between 5 and 8 
for a number of subjects (Figure 5). Their results are therefore much 
less scattered than those of the above investigators. It will be noted 
that the result x = 8 has been found by both these groups of workers. 

BouMAN and VAN DER VELDEN'’ obtained curves corresponding to 
n == 2. These workers believe that n = 2 is the correct value mainly on 
the basis of other considerations relating to the effect of area and 
duration. 

The above experiments were made in the periphery of the dark- 
adapted human eye and it is most probable that they refer to the activity 
of retinal rods only ‘ 

The experimental methods used by the three groups of workers differ 
in many particulars and this may explain the differences between their 
results. Moreover, we must always bear in mind two considerations 
which may affect the apparent value of n. The first is the possibility of 
the stimulus falling on several independent light-detectors having over- 


lapping receptive fields in the retina. The value of x obtained by the 
above comparison method may then be higher than the actual value. 
The other possibility is the existence of biological variations in the 
value of n. Independent information about these variations is almost 
entirely lacking. ‘Their presence would lead to apparent values smaller 


than the true value’. 


Area, duration and probability of seeng—BouMAN and VAN DER VELDEN"? 
made experiments in which the duration of the light stimulus, or the 
size of the retinal area receiving it, is made to vary. BAumMGARDT’® also 
worked on similar lines. 

With regard to the influence of the size of the retinal area, the basis 
of their reasoning is essentially the theory given above for the case of 
several independent light-detectors. ‘This leads these workers to the 
conclusion 7 that nm = 2 and 2 that retinal areas the diameters of which 
subtends 10’ of arc behave as independent detectors of light. 

At an earlier date, however, MEETHAM and LAMBERT’? made—for 
practical rather than theoretical purposes—more direct attempts at the 
determination of the area corresponding to an independent detector of 
light in the periphery of the dark-adapted human eye. Their experi- 
ments would seem to indicate a diameter of the order of 1° for the 
retinal area in which the condition of ‘equivalence’, as defined above, 
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is fulfilled. If confirmed, this finding would be hard to reconcile with 
the previously mentioned conclusion 2; further experiments are obvi- 
ously needed in that connection. 

BouMAN and VAN DER VELDEN" also applied probability reasonings 
of a similar kind to experiments made using flashes of various dura- 
tions. Agreement was found between the observations and the calcu- 
lations based on the assumption n = 2. The agreement is not complete, 
however. There are certain discrepancies between theory and experi- 
ments and these are explained by assuming that inhibitory interaction 
may occur between the effects determined in the retina by quanta 
absorbed at different times. Experiments using stimuli consisting of two 
flashes separated by various intervals should afford a more direct test 
of this theory. 

BAuMGARDT’® made similar experiments under conditions corre- 
sponding to cone vision and concluded that n 2 also for the retinal 
cones. It seems that further investigation of these problems in all their 
aspects will be required before definite conclusions can be reached. 
Some of these aspects refer to the structure and mode of action of the 
retina and are of great intrinsic interest. 


Experiments on visual acuity—From certain experiments on visual acuity 
at near-threshold intensities, PrRENNE”’ derived values of n ranging from 
4 to 10—the values 3 and 2 being excluded. BouMAN and VAN DER 
VELDEN” on the other hand conclude from their own acuity experi- 
ments that n 2. Here again further work is needed. 


Retinal threshold and wavelength—The influence of wavelength on the 
value of n may also need further elucidation. A number of experimental 
and theoretical considerations indicates that n does not vary with the 
wavelength of the stimulus, at least for rod vision. The threshold 
expressed as the mean number of quanta incident upon the retina must 
then vary inversely with the absorption coefficient of the layer of visual 
purple presented by the rods, since the number of quanta absorbed by 
the retina, that is, the retinal threshold m, remains constant when the 
wavelength varies. The meaning of the absorption curve of the visual 
purple present in the rods thus becomes particularly simple''. However, 
the findings of VAvitov and TimoreEva?! are at variance with this 


simple theory, for they seem to indicate that z increases considerably at 
both ends of the visible spectrum. 


Experiments on the Limulus preparation—As mentioned earlier, this single- 
fibre preparation makes it possible to study the visual receptor system 
in a form particularly free from complications. Important experiments 
have been reported by Hartiine, MILNE and WAGMAN’, but they have 
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not yet been described in detail. For a ‘response’ consisting of at least 
one single impulse in the nerve fibre, it appears that an n value of the 
order of 5 should correspond to the shape of the curve giving the fre- 
quency of response versus the logarithm of light intensity. The photo- 
sensitive substance responsible for the activity of the Limulus visual cell 
is not known, so that no independent direct estimate of n is available. 
There is no doubt that the study of the Limulus preparation—which 
remains particularly stable during experimentation—will bring very 


valuable information. 


CONCLUSION 
A complete review of the experimental results should enter into many 
technical details which have not been touched upon here. The pre- 
ceding discussion must not by any means be taken as exhaustive. Yet it 
may be sufficient to show that, at the present stage, what is needed is 
information about the very physiological mechanisms brought into 


play by the experiments. In this connection, a theoretical knowledge of 


quantum phenomena clarifies many problems. ‘This is so, for instance, 
for the so-called ‘partial summation’, which sometimes is nothing else 
than a pure probability effect due to the presence of several inde- 
pendent light-detectors. 

Studies on the quantum physics of vision may therefore be as useful 
in elucidating the workings of physiological mechanisms as in giving 
information about quantum phenomena as such in the retina. It seems 
that they will be necessary as a basis for the subsequent investigation 
of a fundamental problem of sensory physiology, namely, the problem 
of the mechanism by which the absorption of light causes nervous 


excitation in the visual receptor cell. 


Note added in proof—A brief discussion by M. H. PrreNNE and 
E. J. DENTON suggesting that n > 2 for the human retina will be 
found in 7. opt. Soc. Amer. 4.1 (1951) in press. 
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ELECTRON MICROSCOPY 
OF DEVELOPING BACTERIOPHAGE, 
AND OTHER VIRUSES 
R. W.G. Wyckoff 


THE development of electron microscopy makes possible not only an 
observation of the macromolecular constituents of living matter but 
also an approach to the fundamentally interesting and important 
question of how these particles are produced in nature. Fully satisfying 
answers to this question undoubtedly will not be obtained for many 
years to come, but it is inevitable that even fragmentary information 
will provide a clearer understanding of the problems we now face in 
trying to perceive the uniqueness and distinctive characteristics of the 
living process. Some of the macromolecules that the electron microscope 
makes visible within living cells are, like the haemocyanins, essential 
units in the cell’s metabolism; others, like the viruses, are foreign 
entities the presence and activities of which serve to interfere with the 
normal functioning of the cells they have invaded. With bacteriophage 
as the principal example this chapter illustrates what can now be seen 
of the intimate relationship that exists between viruses and their host 
cells and of the way viruses proliferate at the expense of these cells. 
We are only beginning to make these observations and are still in the 
stage of trying to devise suitable methods for carrying them through. 
Nevertheless, the general form of the problem is becoming clearer and 
so are the paths that will in the future be most rewarding to follow. 

In developing the electron microscopy of viruses it is important to 
select for study those having properties which make them most likely 
to yield positive, unequivocal results. In general these are not the 
viruses of greatest medical and economic concern. Before everything 
else must come the ability to recognize the particles of a virus when we 
see them. Even the smallest fall well within the resolving power of a 
moderately good electron microscope, but no more than a casual 
glance shows that the contents of healthy cells commonly contain 
macromolecular particles running the full gamut between the biggest 
and the smallest viruses. Virus particles can usually be distinguished from 
them only when their sizes and shapes are known from previous measure- 
ments of one sort or another. This information is available for viruses 
that can be purified through differential centrifugation or chemical 
fractionation. In a few fortunate instances, of which bacteriophage 
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is perhaps the most striking example, virus particles have shapes 
unlike those of normal tissue components. Usually, however, this is not 
true and then virus can be recognized only because its particles are 
found in tissues that normally do not have particles of corresponding 
size. The successful electron microscopy of such viruses must be based 
on an adequate knowledge of the normal macromolecular constituents 
of the tissue involved and of its non-specific response to such unfavour- 
able environments as are created by disease of any sort. Such basic 
knowledge of the macromolecular texture of normal tissue obviously 
has an importance transcending this search for viruses. 

For the successful visualization of its particles a virus must have the 
same general characteristics that are essential to its successful purifi- 
cation. In particular it must be produced in especially large amounts 
in diseased tissue. When we seek to proceed beyond simple visualization 
to the investigation of how virus particles are produced, conditions 
must be chosen so that these particles can be seen and recognized 
within the cells that support their growth. The host plant and animal 
cells must be thin enough so that their contents are discernible under 
present day microscopes. This can sometimes be achieved when they 
are grown in tissue culture and viruses have been examined in such 
cultures'. Until recently, however, the bacterial viruses have been 
almost uniquely favourable objects for study because the bacteria on 
which they feed are separate cells not too thick for electron microscopy. 
Their investigation has provided much new knowledge about bacterio- 
phage, and there is much more information to be gained through 
further work. 

The dominant position of bacteriophage as a model for studying virus 
multiplication is now being undermined by the developing possibilities 
of observing many different viruses in thinly sectioned tissue. Prelimi- 
nary results obtained with sectioned tissues diseased with several 
viruses are mentioned after the more detailed discussion of bacterio- 
phage which follows. 

BACTERIOPHAGE 
General considerations 
Within recent years there has been a remarkable renewal of interest in 
bacteriophage (for recent reviews, see references 2 and 3) and with this 
has come broader understanding of the wealth of knowledge about 
viruses in general that can be gained from a thorough-going study of 
these bacterial viruses. This study has largely taken the directions: 


a quantitative measurements of the growth characteristics of several 
bacteriophages, 4 studies of the influence of various chemicals on these 
characteristics, ¢ chemical analyses designed to bring out relationships 
between bacteriophages and their host bacteria, d experiments seeking 
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to outline the genetic constitution of bacteriophages and e a still 
fragmentary electron microscopic investigation of several bacterio- 
phage systems. 

When enough microscopy has been done to give an adequate picture 
of the events that constitute bacterial lysis there is bound to be an 
intimate interplay between this picture and the results of these other 
methods of investigation. For the present, however, there are clear 
advantages in pursuing the morphological studies in their own right 
and trying to observe as completely as is possible with the electron 
microscope, what actually takes place during the growth of bacterio- 
phage. As is true with all static observations made on a fast-changing 
system, it is often difficult to put these observations in their proper 
sequence-in-time, and in doing this it is helpful to draw upon other 
sources of information. Nevertheless, it seems likely that the electron 
microscope will in the end be more rewarding if it is used as the 
instrument for giving a comprehensive morphological picture of the 
phenomenon of lysis than if it is looked on as a tool for checking and 
supplementing hypotheses developed from less direct observation. 

In the early days of electron microscopy photographs were made of 


bacteriophages against a variety of bacteria+*. Though several others 


of these are still being investigated most present-day work is devoted to 
the bacteriophages that attack Escherichia coli. Their study is proving 
most profitable for several reasons: they are not too thick to be pene- 
trated by 50 kev electrons, many more types of preparation can be 
made with them than would be possible with a pathogenic organism, 
many types of bacteriophage are known which attack this one bacterial 
host and they are chief objects of other studies currently being made on 
the properties of bacteriophages. 

Early electron microscopy recognized the sperm-like shape of most 
bacteriophages and provided adequate knowledge of their dimensions; 
few measurements of size have recently been published. Ultrafiltration 
data have suggested that bacteriophages exist that are as large as 
1,000 A and as small as 100 A in diameter, but those known to attack 
E. coli have lain in a zone between these two extremes. The large 
even-numbered® bacteriophages, T2, T4 and T6, are sperm-shaped 
with ellipsoidal heads ¢ 600 A x 800 A and relatively thick, straight 
tails that are c 1,200 A long (Figure 1). The odd-numbered strains have 
spherical heads. The smallest, T3 and T7, with diameters of ¢ 350 A 
are generally considered tailless (Figure 2), but a few seemingly tailed 
individuals can usually be seen in their ultracentrifugally purified 
suspensions. The larger T1 and T5 are definitely flagellated, with long, 
delicate and curved tails (Figure 3). The yields of these strains are so 
high on bacterial lysis, and (with the exception of T3 and T7) their 
shapes are so distinctive that it is not hard to recognize their elementary 
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particles in cultures undergoing lysis. Recently examined bacterio- 
phages that attack other bacteria have resembled either the odd or the 
even coli bacteriophages; but many types have not yet been adequately 
identified in electron micrographs and there is need for a further search 
for their particles. 

The activity of a bacteriophage expresses itself macroscopically by a 
diminished turbidity of the bacterial culture in which it is growing. As 
can readily be seen with the optical microscope, this clearing or lysis is 
an expression of the more or less complete disappearance of formed 
bacterial cells from the culture. The interval between infection of a 
culture with bacteriophage and the subsequent lysis can be as short as 
a quarter hour, as long as several hours or it may never occur in the 
sense of a complete clearing; this depends on the strain of bacteriophage, 
on the concentration of bacteria and the ratio of bacteriophage particles 
to bacteria, on the rate at which resistant organisms develop, and on 
the kind of medium, temperature of incubation and other environ- 
mental factors. Most electron microscopy of bacteriophage is concerned 
with the visualization of what happens during the interval between 
infection of a culture and clearing of the culture. 

The presence of bacteriophage in a suspension can be recognized by 
the plaques it forms on a solid medium. As is well known, such plaques 
are obtained by mixing a suitable dilution with a rapidly growing 
culture of susceptible bacteria, spreading the mixture on a nutrient 
agar plate and incubating. Each bacteriophage particle and its progeny 
will lyse the bacteria growing in the immediate neighbourhood and 
thus produce the plaque as a clear area in the otherwise bacteria- 
covered incubated plate. The size of the plaque depends on the strain of 
bacteriophage, being for instance large for T3 and T7 and especially 
small for the ordinary, ‘wild’, T2 and T4. Titration of the number of 
phage particles in a suspension is based on counts of the plaques on 
plates spread with bacteria mixed with serial dilutions of the suspension 
being titrated. 

When an actively growing, dilute suspension of susceptible F. coli is 
mixed with somewhat more than an equal number of bacteriophage 
particles and then incubated, the number of these particles as found 
by titration promptly falls to a minimum set by the number of bacteria. 
It rises again rapidly at the end of an interval which is characteristic 
of the strain of bacteriophage and which varies from 13 minutes (for 
T3) to about half an hour. This interval is the burst time and the 
increased titre at its end is a measure of the burst size that states the 
multiplication which has occurred. This size depends markedly on 
the conditions of experimentation, and can be a couple of hundred. 
Ordinarily burst experiments’ of this sort are carried out in suspensions 
so dilute that lysis, in the sense of visible clearing, cannot readily be 
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observed. For most electron microscopy more concentrated suspensions 
are needed to provide an adequate number of organisms on the finished 
preparations. Such suspensions after infection give the same sort of rise 
in bacteriophage titre after the burst interval, but often the immediate 
increase in titre is not as great and there may be a further rise with 
longer incubation. If the number of infecting particles is many times 
the number of bacteria (a high infection ratio) the burst size is further 
reduced and the time required for clearing may be shortened. When the 
number of added bacteriophage particles is insufficient to infect all 
bacteria, the later rise is to be attributed to multiple steps in the lytic 
process, the bacteriophage produced in the first bacteria to be attacked 
infecting additional bacteria and producing successive crops of parti- 
cles. There are, however, strains of bacteriophage, of which the ordi- 
nary ‘wild’ type of T2 is an example, which give a delayed lysis even 
when many bacteriophage particles are used to ensure prompt infection 
of all susceptible bacteria. 


METHODS 


It has repeatedly been demonstrated that only actively growing bac- 
teria can support the multiplication of bacteriophage. There are two 
schools of thought concerning the proper kind of nutrient medium to 
employ in experiments with bacteriophage. For many studies of meta- 
bolic processes it is essential to have a medium of known chemical 


composition even though such a medium is not as favourable for bac- 
teria as others of less definite composition. Especially among the 
chemically minded, there is a marked tendency to use a synthetic 
medium of known composition for all experiments. There are, how- 
ever, striking morphological differences visible in the electron micro- 
scope between bacteria growing in a poor and in a rich medium; from 
a biological standpoint there are advantages in employing if possible 
the medium that gives the richest growth. All of the electron micro- 
graphs shown in this chapter have been made from cultures grown in a 
rich broth, or on a broth agar. 

With the electron microscope, study can be made of the interaction 
of bacteria and bacteriophage as it occurs either in liquid or on solid 
media, and several techniques have been devised for doing this. For 
the examination of the fine detail in and around the plaques that 
develop on agar plates, ‘pseudo replicas’ have been most rewarding. 
They can be made*?’ by pouring a properly diluted solution of collodion 
in amyl acetate over the bacterial surface in which plaques have 
developed and then draining until dry. The resulting collodion film 
will float free of the agar plate. If this plate is neither too dry nor too 
wet and if the collodion solution is of a proper dilution, the thin film 
of the right thickness for electron microscopy embeds the undisturbed 
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topmost layer of bacteria, bacteriophage and bacterial debris. By 
mounting suitably chosen portions of this film on the usual metal grids 
either the centre or the outer portions of a single plaque can be investi- 
gated. 

Several techniques have been employed to examine lysis as it occurs 
in a liquid medium. Each of these has certain advantages and evident 
limitations, and none is in itself adequate. Except when the final 
products of lysis are being examined the lytic process must be arrested 
after the desired interval by the addition of formalin or other chemical 
to the broth, with or without chilling. Salt and the products of bac- 
terial growth tend to obscure the finest details so that when these are 
wanted, washed preparations are of advantage. They can be made by 
centrifuging the chemically arrested broth culture and washing the 
deposit by repeated sedimentations and re-suspensions in fresh liquid. 
In our.work" the inactivation has been with formalin and the washing 
has been first with formalin-saline and then with formalin-water. The 
obvious disadvantage of this procedure lies in the manipulation and 
disturbance of the organisms that it entails. Lysed bacteria can be 
observed in situ by inoculation on the upper surface of a collodion 
membrane resting on a nutrient agar block!'. The limitations of this 
method are: a the bacteria may be growing under impoverished con- 
ditions since they have available only the limited supply of nutrients 
that diffuse through the membrane, b they are observed in the presence 
of the obscuring products of the bacterial growth 7.¢. the preparations 
are relatively dirty, and ¢ they cannot be observed after infection for 
the short periods of time within which the burst phenomena normally 
take place. Many difficulties inherent in the two preceding methods 
can be avoided by the following simple technique. It consists of spread- 
ing a small volume of the chemically- arrested broth culture over a 


fairly dry agar plate, draining and drying. Collodion in amyl acetate is 
then poured over the surface and the resulting film floated off and 
prepared for electron microscopy as one of the pseudo replicas first 
described. If the agar has a suitable consistency and if the drying has 
been done properly, the liquid of the sample will soak into the agar and 
its organisms will remain in a relatively ‘clean’ condition on its surface 


to be incorporated into the collodion film. 

Now that sections can be cut thin enough for electron microscopy, 
bacteriophage particles can be observed in sections through bacteria in 
which they are developing (Figure 4). We have done this by using 
both sedimented bacterial deposits and plaque areas excised from agar 
plates. Such samples have been fixed, dehydrated through alcohols or 
pyridine and embedded in methacrylates for the cutting. 

Preparations made in any of the foregoing ways can be examined 
under the electron microscope either directly or after metal shadowing. 
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All the photomicrographs shown in connection with this chapter have 
been taken after shadowing. From time to time theoretical objections 
have been raised against the shadowing of bacteriophage preparations 
on the ground that it might obscure detail within bacterial organisms 
and thus prevent visualization of bacteriophage particles developing 
in them. This is a practical matter subject to experimental test. Thus 
far nothing has been seen in our unshadowed preparations or in 
published electron micrographs of unshadowed preparations which is 
not clearly visible after proper shadowing. There is sound reason for 
this inasmuch as shadowing helps to dissipate the charge that develops 
in these relatively thick preparations under electron bombardment and 
which brings about a consequent image distortion. In preparations 
where internal detail is liable to be more important than the surface as- 
pects it is commonly advantageous to shadow lightly with a metal of rela- 
tively low atomic number: chromium or nickel serve this purpose well. 

The length of time required for bacterial lysis, and consequently for 
the proliferation of bacteriophage, is so short that special attention 
must be given to this fact in experiments intended to show steps in the 
process. It makes it necessary to use in specimen preparation a pro- 
cedure that will abruptly halt lysis without damaging the fine structures 
that are present. In trying to do this we have tried formaldehyde, 
cyanide and chilling. The action of cyanide has been too slow unless the 
concentration is so high that changes in fH become a complicating 
factor. Dilute formaldehyde and ordinary icing both slow down lysis 
but do not stop it; in fact, the usual yields of new bacteriophage can 
be obtained from bacteria which have been formalin-killed in the sense 
of having been rendered incapable of subsequent colony formation, and 
bacteriophage will develop in the ice box. The action of stronger 
formalin is more drastic and 1t would appear from experiments in- 
volving formalin at a series of concentrations that bacteriophage 
development is arrested when the concentration in a culture is made 
2°5 per cent or higher. In experiments to be described here the cultures 
have been made 4 per cent with respect to formalin. Metabolic in- 
hibitors such as 5-methyl tryptophane have been used” in other types 
of experiment to stop bacteriophage growth, and it will be instructive 
to compare electron microscopically its action with that of formalin. 


RESULTS 
The first step in the interaction between bacteriophage and susceptible 
bacteria is the adsorption of one or more bacteriophage particles to the 
bacterial surface. It has been shown!’ that tryptophane or some related 
substance is essential for the adsorption of certain strains, but when a 
rich broth digest is used such substances are present in adequate 
quantities. 
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Adsorption (Figures 3 and 5) can be seen in all preparations made 
within the first few minutes of mixing. As would be expected the 
number of particles adsorbed to a bacterium is variable, but it is on the 
average greater the higher the ratio of bacteriophage to bacteria. There 
has been speculation as to whether the particles are adsorbed head- 
first or tail-first, and this introduces the question of the tail’s function. 
Though the diffusion rate of bacteriophages appears somewhat erratic 
at very great dilutions, it does not indicate that their particles move 
faster than would be expected from the sizes of their heads'*. Some of 
the particles seen in electron micrographs have their tails directed 
away from the bacteria, others have either the tails or both the heads 
and the tails in contact. It would appear that convection in the liquid 
as the preparation is being dried has had a predominant influence on 
what has thus far been recorded in electron micrographs. Frequently 
even the thick tails of the even-numbered coli bacteriophage cannot be 
seen, but it is impossible to be sure whether they have been broken off 
or have been incorporated into the bacterium. 

As this indicates, we do not now know for certain what is the fate of 
the adsorbed particles and what is the next step in lysis. From time to 
time the proposal has been made that they do not enter a bacterium 
but rather multiply on its surface. When the infection ratio is very high 
it is common to find cells which have broken up before much multipli- 
cation has occurred; the invaders then line the borders of their remains. 
There is much evidence that proliferation often proceeds inwards from 
the surface of a bacterium (Figure 6), but innumerable photographs 
have shown bacteriophage developing within bacterial protoplasm. 
Furthermore, such photographs as Figure 4, which shows developing 
bacteriophage particles distributed through sectioned bacteria, are 
evidence against the surface’s being the principal site of multiplication. 

Two extreme hypotheses have been advanced to explain bacterio- 
phage proliferation within the bacterial cell. According to one of these 
a particle multiplies by some process of growth and splitting that makes 
it in this resemble a tiny micro-organism. According to the other 
extreme hypothesis the particle somehow ‘dissolves’ in the bacterial 
protoplasm and so alters its metabolism that it becomes transformed 
into the many new particles that are liberated when burst occurs, 
Electron micrographs do not substantiate either of these limiting hypo- 
theses. We are, however, now beginning to recognize steps in bacterio- 
phage development and may expect soon to be in a position to fit 
them into their proper pattern. 

The electron microscope has as yet shown little happening in bac- 
teria for the first few minutes following adsorption. Other experiments 
have indicated that new bacteriophage particles are formed only 
after an initial delay. Thus Lararjet’s measurements" of the x-ray 
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sensitivity of T2 bacteriophage within infected bacteria have indicated 
that there was no multiplication within the first seven minutes of his 
experiment. DOoERMANN’s titrations'* of yields following metabolic 
arrest with 5-methyl tryptophane have shown that bacteriophage could 
not be recovered during the first twelve minutes following infection. 
CoHEN’s experiments’® on the rate of synthesis of desoxyribonucleic 
acid have also pointed to such a delay in bacteriophage growth, though 
our recent measurements!” of the rate of utilization of phosphorus by 
ultraviolet-irradiated coli demonstrate an accelerated uptake of phos- 
phorus that begins no more than five minutes after infection with T2. 
What is first seen of significance after adsorption of bacteriophage 
particles depends on both the age of the infected culture and the strain 
of bacteriophage. A few large, flattened and seemingly distended 
bacteria become noticeable soon after infection. From about ten 
minutes (Figures 4, 7) onwards, they increase in number with longer 
incubation and are more numerous when the infected culture is young 
less than two hours old) when bacteriophage is added. Many more 
are seen when the bacteriophage is T2 or T3 for instance than when it 
is Tr or T5. With the latter strains it is common to find this flattening 
restricted to parts of a single bacterium. Many of both the flattened and 
the smaller infected bacteria show evidence of a rupture and even of a 
complete disappearance of their membranes. A similar membrane 
damage is not seen in healthy bacteria prepared in the same way, and 
it must therefore be related to the infective process. Sometimes it 
involves only a part of a bacterial membrane and frequently it occurs 
in the neighbourhood of an infecting particle of bacteriophage (Figure 
8). In cases where the bacterial protoplasm has flowed out as a formless 
mass from a broken cell (Figure 9), it seems natural to assume that the 
rupture has occurred during specimen preparation. Often, however, 
masses (Figures 7 and 10) are found which retain the shape of bacteria, 
but show no trace of membrane. This suggests that their membranes 
were lost before the preparations were made and that their protoplasm 
need not lose shape when the membrane ruptures. The prevalence of 
bacteria without complete membranes in infected cultures indicates 
that a weakening or damage to the membrane takes place before lysis. 
The large numbers of them in cultures before the end of the burst 
interval and in cultures undergoing delayed lysis after the end of this 
interval make it necessary to entertain the possibility that burst in the 
sense of disappearance of bacteria as seen in the optical microscope, 
and the accompanying rise in bacteriophage titre in the culture, may 
be due to a dispersal of the bacterial protoplasm which need not follow 
immediately after membrane rupture. It is often practically impossible, 
hours before clearing takes place, to find an intact bacterium in 
cultures undergoing delayed lysis. 
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The flattened bacteria and the narrower and thicker ones seen in 
infected cultures seem to differ in the physicochemical character of 
their protoplasm. As already noted the protoplasm of the flattened 
bacteria often spreads out over the substrate when they rupture and it 
is then seen to consist largely of a mass of spherical macromolecular 
particles embedded to give what acts like a rather fluid gel. The proto- 
plasm of the narrower cells obviously is more rigid since with them such 
spreading need not occur. As seen both in section (Figure 4) and ona 
substrate their protoplasm contains many filamentous particles which 
are not found in the protoplasm of flattened cells. It seems reasonable 
to infer that the relative rigidity of their protoplasm is connected with 
the presence of this fibrous component. It would be interesting to 
demonstrate if these different protoplasmic textures existed in healthy 
cells or were brought about during infection. A completely satisfying 
answer has not been obtained because of the problem of rupturing 
healthy colon bacilli without perhaps altering their contents. Neverthe- 
less, there are reasons for thinking that a filamentous component 
develops in healthy bacteria which have passed the state of most active 
growth. This protoplasmic texture is undoubtedly modified by infec- 
tion with bacteriophage, and it may be this that is responsible for the 
changes in light scattering that follow infection'*; but it will require 
much more observation to provide the data needed for describing 
these changes. 

The first clear-cut evidence of bacteriophage multiplication can be 
seen in bacteria that have been incubated for less than the burst time. 
This consists of clusters of particles such as those shown in Figures 2, 
6 and 10. Isolated particles and particles in strings (Figure 1) are found 
along with such clusters, which appear to be both bigger and more 
numerous when the incubation has been longer. These clusters’? have 
the obvious appearance of micro-colonies in the sense that they suggest 
development from a centre or focus. At the end of the burst time and 
thereafter the number of particles per bacterial mass is very variable. 
In some bacterial masses only a few particles can be counted, in others 
there appears to be an almost complete replacement of protoplasm by 
bacteriophage particles (Figure 11). 

In trying to find out how these particles have arisen, it is natural to 
look for the transitional or immature forms through which they have 
developed. It is noteworthy that one does not ordinarily find the series 
of forms that might be expected if multiplication were simply an affair 
of growth and fission. Conceivably the speed with which new particles 
develop would minimize the chance of finding such immature or 
transitional forms. Here they might be expected to be more apparent 
in preparations from slowly metabolizing cultures or ones in which 
metabolism had stopped before clearing had occurred. Objects of two 
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very different sorts which may well be partly formed particles have 
been found in such preparations. 

One kind occurs commonly within the bacterial masses in prepara- 
tions of the slow-lysing Te2r* which have not yet cleared; it is found in 
bacteria undergoing lysis by ultraviolet-killed T2r* bacteriophage and 
under certain circumstances in briefly-incubated cultures of the quick- 
lysing mutant Ter. It is a rod that has the approximate diameter of, 
but is shorter than, the tails of mature bacteriophage particles (Figures 
12, 13 and 15). These rods are seen on the substrate adjacent to 
bacterial masses in pseudo replicas but usually they are found in groups 
or chains within the bacterial protoplasm. When seen separately they 
are often thicker at one end and this makes them look like minute 
phage particles (Figure 12). Frequently they are associated with the 
holes'® in the protoplasm that have the diameters of the heads of 
bacteriophage particles (Figures 1, 6, 10 and 12). Often the holes 
resemble empty rings which enclose one or two spherical macro- 
molecular particles. Some, but not all, look like ruptured insubstantial 
heads of bacteriophage particles. The shortness of their ‘tails’ precludes 
their being merely damaged mature particles. For some time the author 
interpreted them, mistakenly, as holes from which mature particles 
had escaped. Full sized bacteriophage particles with full length tails 
and partially shrunken and wrinkled heads are also numerous. It is 
becoming increasingly difficult to avoid the conclusion that these 
various objects are steps in bacteriophage development and hypotheses 
can be constructed to outline this development. Her¢éix has also 
observed” the shrunken heads and the detail within them and he has 
proposed a hypothesis built around them. Undoubtedly, further in- 
formation bearing on its possible correctness will result from the addi- 
tional study that can be made of these ‘immature’ forms, especially at 
higher voltages. 

Other forms connected with the development of bacteriophage are 
thick filaments. They are of two kinds, one having the diameter of the 
bacteriophage head; the other, seen in T2 cultures, has a diameter 
somewhat greater than its tail. HERGik has found?! the thick filaments 
in cultures of a freshly isolated strain. In this laboratory” they have 
frequently been seen in purified preparations and have been produced 
in considerable numbers when lysis has been carried out at low 
temperatures with T2 and T4. Some of these long forms are empty 
tubes, others are more substantial. Occasionally the latter are continu- 
ous, but usually they are divided into segments that have the dimensions 
of normal heads (Figure 14). The obvious implication of course is that 
these long forms are steps in the formation of new bacteriophage 
particles. If this is true they express a second type of multipli- 
cation different from that involving the short rods described above. 
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Exceptionally aligned bacteriophage particles which could conceivably 
be a phase of this process are sometimes seen in T2-infected cultures. 
Alignments compatible with-such a mode of growth are more common 
with the odd-numbered bacteriophages*: (Figure 16). 

The thinner filaments having about the diameter of tails occur 
frequently with the thicker filaments in cultures of T2 or T4 lysing at 
lowered temperatures. They are cylinders of a uniform diameter and 
extreme opacity to electrons (Figures 14 and 15) which grow out from 
infected bacteria into the surrounding medium (Figure 7). They have 
never been observed except in infected cultures but there is not yet a 
satisfactory indication of the role they may play in the growth of 
bacteriophage. 

When studying broth cultures of fast-lysing strains such as T3 and 
the Ter mutant of T2, there is little point in extending the observations 
beyond the end of the burst interval because the thorough dispersal of 
bacterial contents that occurs at burst leaves relatively little to be 
seen after longer incubation. With strains like the wild Ter* which 
clear only after several hours’ incubation, there is no well defined 
change in the appearance of preparations made just before and for 
some time after the end of the burst time. When moderate excesses of 
bacteriophage over bacteria have been used (infection ratios of 5: 1 
to 10: 1) typical fields seen under the electron microscope at any time 
between about half an hour and clearing consist of individual bacterial 
masses deformed and flattened to various extents and studded with 
various amounts of newly formed bacteriophage (Figures 1, 10 and 11 
Rarely is an intact cell membrane found, and it would be hard to 
maintain the thesis that in these preparations its rupture is immediately 
followed by protoplasmic dispersal. Nevertheless, direct observation 
has not yet shown what may be going on during the two or three hours 
between the end of the burst interval and clearing. To throw light on 
this point we!’ have determined bacteriophage titres and P* uptake 
during this time by systems consisting of T2r* and normal or ultraviolet- 
killed bacteria. These show that the phosphorus uptake continues at a 
diminishing rate for as much as an hour after the burst interval and 
that the increase in titre between then and clearing may be as much as 
tenfold. Utilization of phosphorus does not stop at the end of the burst 
interval, but neither, with Ter*, does it continue until clearing. 

The various areas of a plaque on agar exhibit phenomena that must 
correspond to different stages in the lytic process. A systematic study 
of the fine structure of the very different kinds of plaque produced by 
different bacteriophages has yet to be made. Nevertheless, we know® 
that the central areas of all plaques, if they have not been partially 
overgrown by resistant organisms, are surfaces that are surprisingly 
free of both bacteriophage and bacterial debris. The very complete 
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lysis here has involved the freshly planted bacteria and those infected 
with the bacteriophage resulting from these early lyses. Outside this 
clear region is a mass of protoplasm which only in places retains out- 
lines of the bacteria that must have disintegrated to yield it. The 
texture of this protoplasm depends on the strain of infecting bacterio- 
phage as well as on conditions of multiplication. With strains such as 
T3 and T7, it may be conspicuously stringy and filamentous. Varying 
amounts of bacteriophage are embedded in this layer; at points it may 
be hard to find a single particle while elsewhere the local production 
may have been so great as to give close-packed* masses (Figure 16). 
The pits that remain in such areas resemble the ‘empty’ bacteriophage 
heads described in a previous paragraph. They may be places from 
which mature particles have escaped or they may be particles which 
because of the retarded metabolism in these regions did not attain 
maturity. Beyond this zone of protoplasmic debris, at the outer bound- 
aries of the plaque, are intact bacteria which presumably because of 
their arrested metabolism were no longer satisfactory hosts for further 
bacteriophage proliferation. 

It must be evident from the foregoing discussion that the electron 
microscopy already carried out on bacteriophage has raised more 
questions than it has answered. It does, however, bring out the poten- 
tialities of this morphological approach to the question of how bacterio- 


phage particles are produced; and it shows that methods are at hand 
which when sufficiently exploited will greatly extend the knowledge 
we already have of how they proliferate. Especially when combined 
with the similar studies that can now be made of other viruses within 
sectioned tissues this purely observational approach can scarcely fail 
to bring us closer to an understanding of how viruses grow. 


OTHER VIRUSES 
The electron microscopy of viruses in tissue sections has only recently 
been begun and the experimental problems it raises have been even 
less completely met than with bacteriophage. Nevertheless, viruses 
have now been recognized within diseased plant, animal and insect 
tissues, and this recognition gives an indication of what can be learned 
from this type of material. 

In the case of bacteriophage a full understanding of what is seen has 
been made difficult both by the speed at which proliferation occurs and 
by the evident complexity of the process. Other but equally serious 
problems are encountered with other viruses. The central problems 
that underlie all work with fixed tissue involve a learning what fixatives 
will preserve the macromolecular structure of protoplasm with the 
minimum of alteration and 4 gaining an adequate understanding of the 
fine cellular structures thus revealed. Enough has been seen to show 


236 





‘soyNURIS OM) IO 9UO MOYS puR AIduUIa 91% Moy B SpalpoATAYs 
JRYMOULOS 91v SopIHAed ay Jo speoy oy) Jo Oy ‘do} pur sapts ay} 1B 
PYOZIUSOII OG UBD QUBIGUIOUL [Blo] 9¥q ay) JO s}uoU I] Moy Y ‘sseul 
"HOUIUTIOD Q1eR aseyd suldojaAgp JO SaItUO[OO [BItojyoeq VY) UIQIIM sdnois [[euus pue suteyo UT puke 97 BI]Sqns 9Y} UO 
OLN, YONG ‘snyplowq uoTOo posdy] B WOay sseuE eB UT oseYydorioy ({joyeredos uses oie soponsed podeys-uiods oy 7, ‘oseydorajoeq F7, 
a yeq fF JO soponaed AreyUoUloyo ssoT[re} ey) JO Josnpoy °F ANDI {q posd] Usoq sey yey) SN{[lorq UO[OO & JO suTeUad OY], 1 QaNSTy 





“OPBAYSGNS Pe uo pelip IIR suotsuodsns UdYM peu ae pue 
asivy avodde yey) ssoyy Ajqeqoad oe st[oo popuosisip oy J, “Ppoypfoms 
you st ‘soponaed oseydoiiojorq Mou SurureyUuod. OsyTe ‘uWIOWOqG oY) 
1B WINLWO}OVq PAY 9YI !popuoysip A[SNOLAGO 91 BLIoJIeq Pos 
ay) JO OMT, ‘oVBIISqNs oy} UO avodde vi | Joyo J 
oy) WO dy SuypNsos sopoaed Moy y ‘ureyUuod Agu} Soponaed oseydouoy 
-oeq MoU oY) Surmoys oseydouoyoeq Z 7, YIM poseosip T]lIVq UOJOS 
Joyo OM) JO syed puke unidojoRq B YSNory, UOlosS YP ounsiy ‘snyploeq oy) poyovod Apeorye 
BENPIAIPUL soy} JO sre] 9YyI Vas OF pawyY st yy] ‘sprey Spoarno 
210N ‘aseyd C7, Jo soponaed 
> UO[OD B JO Weg + WNBA 





‘Suryeur yy ut soponaed sv pajosdsoqur oq ue [Joo o[pprut sty) PAOqe 1X9U [[oo oNbedo oy UIYIEM IN LOO ay) spreMoy 
OY) JO 1S oy ye dnoas soypeuis oy. puke wuntioyeq doy YA JO WYsts ‘ j{dottojorq jo ‘ aed jo dnoas |jeus y 
ou) ye dnoas oy] * Ayduio, oie So] TQat | 9) OM) 19YIO IY} pue sTyy . Qe IUO peep, 1) pue WUNTIOJIV SITY] UIIM]Iq VIB IO PUT oun 
UO WOM. 2 yng ‘uINLo}oRq UW10}0q oy) JO Atoydiiod oy) SuOle Uvos }B UOTJIIJUT JO IUIPTAD JOYIANY ST W19Y J ‘yurod loyyour SuUTSING 
a1 soponaed jORIUT * ydotojorq t [, SUNojUT JO uoneoydyypnus SE YITYM WINLIOJIBG UW0OOd 94} UO Udos A[ABoPO oe WL SuNRsjoued 


I 


OY) UL SOG6RIS Aj Avo SUIMOYS I][loRVq UO[OO poanjdna voiy J *Q WANG Aud > S[TR) ATO) YIM Soy ABA PoqsOspR A] UII “UISe lojyoad 


paye[Nsvod JO sosseur peurs AyUO u oul tpeop Ajqet 
-aid p 2 Oru. MB O[PpIlU sy} UL Sffoo puSsedsue.y OM UT, “aseyd 
-oLloqoeq Py YM pojooyut do BLojoeq Jo dnois y 





oyoad Surpeoids 
ay) Aq paypnsue Aypensed ore yey) Soy mqaed oSseyd 2], cou pus suo 
Ve poumdna sey ouRIquUIoUL oY} YOrYM Jo snyfloeq uC 


oo VY “goandiy 


Ol NGL ul judsoid Osye IIB S[JQI pose Ip 
1 IY pue p UINeY I 10q “UINTIO IRQ 
1} [pAVIp 1}UeUIt 


yoru. ey jo woyoq 24) 
sem odoy potod u 


NON "[RAIO TUT IsANg sy} URY I95uU0j 


{ eqnoutl 9 J “el yoORG Poud}eY OM} VY} OF SUT[D 
JueIguiotu [PUISLIO out JO SIUJUTIGPRA] \[U¢ y‘9 »ydo1 2}Ieq OL Qaim 
peseostp if! eq UO[OI I> IY Juo pue 


peusney OM]. *L oansty 





? 


m a broth culture infected with T 


which have 
‘ge pieces of the 


coli 
protoplasmi¢ 


attened, others retain 


in masses of developing bacterio- 


fl 


but all can 


are 
are 


‘ane 


partic les 


ken membr 


Infectin 


borders. 
visible on the border of the lower mass not far from where it m 


has an intact membr 


ane. 


; and none 


e of bacte riophage deve lop- 


Here there 


- uppel mass. 


mass. 





"SSBUL [BLIo}IRq OU) 
OY} Ve ole YONS [RAVAVG ‘oseydotioy eq JO So] aed {un jo 
Ide oy) snyy oAvy pure pus uO 7e pousyoryy APUoNboay oae 
AOU] “OTVBAVSqNs oY} UO treodde OS][B SPOd OSoy_T, ‘podoyjoaop oaAry spol 
out ul IIIYMIS|O pue So[OY ISIY) Qaim poye ‘oseyd ILO] eq O71 tuse|doyoud [' to} eq ae 8 JO UOTISTOAUOOD }Uvl Jo 
AIQA B UII Sey ILIYY pure POLS UdIq sey \[Snol \qo Ply! \ uy o UB ISUT 


yoryy qoys wuseydoyoad 
-l00ssy ‘speoy oseydoiojoeq Jo ozs oy) soyoy Aueur sey tuse;doyoad 
SIW] UT “Syjloeq UOJOS o{suIs B ULOA, podojodgp Apuosedde sey ieyy 


IY) IN YIQISIA VAR Soy aed OANVRUL, ONS COT, YUM UOToJUT Joye 
Suidopoaop st oseydooy eq Y TUM UTYQIM WN eq V “ol ING So aed oseydoo) eq t i Polo} \jMou jO sselul VY 





‘ganqord ay} JO Yo] 9U1I.1Xo 
2] aouUrTy) « ‘ydeasojoyd oy ssvul [BLIojoeq oy Jo ied aoddn ayy jo yYySta oy 7e Asi 
29 ay} 18 are speoy o% | JO AojoWeIp oy) Surrey po reap Aqpetoodsa st [vy puke peoy quoaedde yim aponaed a 
Be suogqit, OM], ‘SJ, YIM SISA] WO] Susie ‘SULIOJ OYI[-pOt JOYS OY} JO AuvUL puke speoy oseydorio} I 
14 pure sopnued aseydonojoeq oamepy “Pi oansiy ou) suid Burmoys % 7, YIM posvastp uMto}oRq Joyjouy “E11 oanSry 





‘IQUIOD JUS WW0}}0q AIOA ou 
ul pue oajuas do} oy) Ve Sul MIB AB[NIMMI IYI Ajaepnonaed 210N 
‘Q49Y UDOS OG O} JAR OSTR GI PUv BI SOANSIY UL UMOYS SpOd ALOYS 944 
jo Aue “Fr oansty jo yo] oy) Ve oUO oY} oyT] SJuoWIR[Y JoUUTY} 94) 
jo AUBUL SULMOYS UOT JUL ZT OF ONP SISAT WUOAJ SLIQoC] ‘C1 ounsly 


joused | 
SAS B YIM 





‘ydvasojoyd 
94) JO JS JMO] OY) Ul puke snoponu AWMOT VYI JO IWS oy} OF 
QAOGE 91 SNULA oy} JO soponaed AreyUotUV]o JO sdoysnypry “Ydeasoioyd 
OY) JO Yo] AaMOT puRK o1QUD doy oy) 1 iwodde tojonu [Joo OM) JO 
syieg *xod [MO] YIM posvostp OAAQGUIO YOO JO OURIGUIOL OTOTURT[R 
-OWUOYD JO cvaNtpoy Ido poyeasoytpoad Ysnosryy UOT IS \ ‘OL QING 


‘ydevasojoyd YI JO WoT pue o44U99 oy ynoge 
pemnqiiystp Ie “SPpLlOA IAB] OO} ABM®B UOT]e] ABU SOPNUBIG YOARYS 
p9uotoos 951e] OY. YOIYM wo.ry ‘syse~doasopyo PesoAog yoy aoddn 
YI }B A[ABO]O Ss | UQOS 1 UBD SSBUI Ie] TUITS }BUMIULOS LOYOUY “SIXB 
QT] AG SUOl|e JO pe SUT \] mnbiyqo WO SseBul SNALA It [PUTS 4 SI SSPBUI 
sSHOAg TY ystpunod as WUD UIO}OG ty] i\ *S | nyaed STLITA PpYylltoy 
A[M 11 JO SAO SHO Ie stu) JO Mo] isnt MUDD IYY 1B SOSSRUI SHOAgG UY 


jO sdnois poesuola OM) OU ydeasojoyd 9) JO JS VUIOIVXO 
47 1e \[[ POD IOA SUT [TBM [[d9 \ “STLAILA IBSOUL ODIBQGO] YIM Poseostp 
yueyd ODIeGO) YsryaAn | B JO JBo] ve Ysnosyy UO IIS \ 


‘Zi oInsly 





“IMOIOVU \]poyteuu 
IULOIIG, Apeol[e sey wuse}doyoud IB] [Io aU] ‘ydeasojoyd ee 
Ul JUVPIAY 1B QUBAGUIOU OY) JO IHpo IY} SUOTR suldoy AQP So] njaed 
peotioyds pue SJUSLUP]T “STATA eZUon pul Yam PeseosIp OAIQG UL 
yVtyo vB jo JuRIgWoul NOJURT[BOLIOY ) ysnolyy uoly IS ‘Ot JANG | 


‘SISOLOU OIGRIOPISUOD B SMOYS (peolye Yorum 
wise]doyAo sep] feo ay} NOYSNOIY) po nq Lystp o1e sorpog AreyUIUI]9 
oY) URY) Jodie] SopNuURAS AUR “TYSI B SI snoponu []99 VY “Ye] 
oy ie savodde ‘Apog Wotudenry & UOJ OF 23I1BSL ‘soponaed Arey 
-U9W9]o MOU JO Joshypo Y ‘BIUTDOBA YIM poyoojul WIqGqes B JO UTS 94) 
UL QJOTJO} Arey B SUTIPUNOAINS s][dd Ysnoiyy UCTS Y ‘OL oINSIy 


: ~* . ' Hy . ‘a 


yt cd 
a 
a 


iit : a ae 
r nas ) f" ‘ , 

, te P 

Pree ae a. ae 





OTHER VIRUSES 


that the procedures giving maximum cellular detail visible under the 
optical microscope are not best for electron microscopy™, but it will 
take much time and work to find out what should take their place. For 
the immediate future we will work with preparations which a few years 
hence will probably seem to have poorly preserved fine structure. 
Though the particles of a number of viruses do have fairly character- 
istic shapes, some experience and considerable observation is needed to 


recognize these virus particles within the tissues they infect. These 
difficulties in identification can be so formidable that it is now unwise 
to work with a virus which is not present in especially large quantities 
and does not have particles of known dimensions. With plant and the 
smaller animal viruses difficulties in recognition have been aggravated 
by the fact that virus is commonly obscured by masses of the low mole- 
cular weight substances that are also present in healthy tissue. These 
difficulties become more serious the smaller the virus. The problems 
that have arisen in recognizing the larger animal viruses have been not 
so much due to such small cellular constituents as to the many normal 
particles that are similar in size to the viruses. 

Among the plant viruses, particles of tobacco mosaic? would be 
expected to be easy to recognize in sections of diseased leaf. As Figure 17 
indicates it is not unusual to find cells having practically their entire 
cytoplasmic areas filled with fibrous masses of virus. Its production has 
not involved the nuclei which remain normal in appearance. It has, 
however, resulted in severe damage and destruction of the chloroplasts 
that line the cell walls, and in many photographs it seems to be present 
within these active centres of cellular metabolism. There is usually 
present enough small molecular material to prevent visualization of the 
separate virus particles in the fibrous masses, but the individual parti- 
cles have the diameters of purified tobacco mosaic virus protein rods 
where clean enough regions are found. The normal cytoplasmic sub- 
stance has also interfered with recognition of the first stages of virus 
production to follow infection, but with experience it will undoubtedly 
be possible to learn more from sectioned tissues about how this virus 
grows. Particles which undoubtedly are those of a strain of the potato 
X virus have also been observed in suitably diseased leaf tissue and 
further knowledge of this and other viruses awaits only the necessary 
work. 

The large elementary particles of the animal viruses fowl pox”, 
vaccinia and psittacosis have been seen in sectioned tissue. Figure 18 
shows a cluster of the block-like particles of fowl pox as they appear in 
the cytoplasm of proliferated epithelial cells of diseased chicken embryo 
chorioallantois. The similar groups of elementary bodies of vaccinia 
developing in epithelial cells of the hair follicles of infected rabbit skin 
are illustrated in Figure 19. The chief problem that is encountered in 
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studying the particles of these two viruses im situ involves learning to 
differentiate them from particles of somewhat similar size that can be 
seen occasionally in healthy cells and more often in cells that are 
becoming necrotic. The elementary bodies of psittacosis also occur in 
clusters in diseased chicken embryo membranes. Problems in dealing 
with them arise from their possible confusion with minute fat globules 
of the yolk. Not enough has yet been done with this virus to show how 
it grows, but it should be noted that the observed associations of the 
elementary bodies of fowl pox and vaccinia have been those to be 
expected if they arose in the cellular cytoplasm by some sort of growth 
and division. Whether or not they grow in this way will become more 
apparent as further study is given to tissues in various stages of infection. 

The visualization of the elementary virus particles of influenza in 
infected tissues?’ has been more difficult partly because most strains 
produce a prompt and severe necrosis of the tissues they attack and 
partly because, like bacteriophage, this virus has a filamentous as well 
as a spherical form. Such forms, of the expected size, have, however, 
been recognized in sections through infected mouse lung and chorio- 
allantoic membrane of chicken embryos. In lung virus seems to develop 
from the very thin cells of the alveolar walls and details of this develop- 
ment have been hard to see. It evidently grows from the cytoplasm of 
membrane cells, but this growth is out from the periphery rather than 
deep within the diseased cells (Figure 20). As the figure indicates, the 
virus seems to consist of filaments of various lengths. These are often 
branched or segmented into shorter rods and spheres and they re- 
semble those seen in purified suspensions**? and recently in tissue 
cultures*®. 

The electron microscope shows much that is new about the compli- 
cated phenomena involved in the growth of insect viruses. As is well 
known, caterpillars diseased with these viruses develop great numbers 
of characteristic ‘polyhedral bodies’ big enough to be seen under the 
optical microscope. On treatment with dilute alkali the polyhedra 
liberate particles which apparently are virus*!. Sections through cater- 
pillars in various stages of disease are revealing the contents of these 
polyhedra as well as how and where they develop*. There are as many 
different diseases as there are kinds of caterpillar and what is observed 
varies with the disease. Their examination is, nevertheless, as rewarding 
as it is complicated. 

The foregoing discussion makes it clear that it may be a long time 
before the electron microscope can give an adequate demonstration of 
the mechanisms involved in virus multiplication. Nevertheless, it must 
be equally apparent that this is not due to an inability to attack the 
problem with the techniques at hand. Failure to provide quick answers 
results rather from the complexity of the phenomena involved and 
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from the many new things that are now seen and must first be inter- 
preted in both healthy and diseased tissue. Fascinating hypotheses, 
some of which may turn out to be correct, are suggested by the infor- 
mation already gained but the many instructive observations that are 
waiting to be made give these hypotheses much less than their ordinary 
importance, simply because the question of how viruses multiply is now 
in that rather special state where an hour of accurate observation is 
worth more than endless speculation. 
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BIOLOGICAL ACTIONS 
OF IONIZING RADIATIONS 


L. H. Gray 


Ir is not possible to view the biological actions of ionizing radiations in 
correct perspective without taking into consideration the effects of 
diverse types of radiation not only on living matter at every level of 
organization, but also on the physicochemical systems of which living 
matter is composed. This makes the study of radiobiology particularly 
attractive, for it brings together those whose main interests lie in many 
different branches of both the physical and biological sciences, but 
when one member of a team attempts to review the whole field, he is 
apt to become acutely aware of his limitations. In the present instance 
it is almost certain that specialists in any one field will detect errors in 
this report, and correctly infer that errors are likely to have occurred 
also in sections dealing with aspects of the subject less familiar to them. 

It seems that the subject has grown to embrace so many specialities 
that for completely authentic statements and properly balanced 
evaluation of the significance of each investigation, the reader has to 


turn to symposia and other special reviews. Fortunately, excellent 
reports of this kind dealing with particular branches of radiobiology 
exist and one of the objects of the present writer has been to direct the 
reader to them. It is hoped that the text will not fail to give some 
impression of the vigour and enterprise with which research in this field 


is now being conducted. 

From the physical standpoint, the comparison between the amounts 
of energy needed to bring about a particular effect when deposited in 
the cell by different types of ionizing radiation is very informative. 
Such comparisons can only be made on the basis of a significant and 
universally applicable unit of dose. The best procedure is undoubtedly 
to express energy absorption in terms of the physical units which 
already exist 7.¢. in erg/gm. Doses expressed in this way have an un- 
familiar appearance but the change has to be made some time, and the 
right time seems to be the present, since the use of this absolute unit of 
dose has been urged upon radiobiologists by the International Units 
Committee of the Sixth International Congress of Radiology, 1950. To 
the best of our present knowledge, one réntgen of x-radiation represents 
an energy absorption in air of 84 erg/gm and in soft tissue of 93 erg/gm. 
One ‘réntgen equivalent, physical’ (r.e.p.) corresponds to 84 erg/gm 
in any material and one ‘energy unit’! to 93 erg/gm in any material. 
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Throughout the review the actual doses of x- or y-radiation in réntgens, 
or of other radiations in r.e.p., reported by the authors may be assumed 
to be one hundredth of the doses quoted here in erg/gm. The 7 unit 
of neutron dose used by some Americal workers has been assumed to be 
equal to 2°5 r.e.p. or 250 erg/gm. 

If one surveys the whole realm of living objects, it is hard to find any 
which show no change in structure or loss of function when exposed to 
sufficiently high doses of any ionizing radiation, even when the dose is 
delivered at a rate which does not cause any appreciable rise in 
temperature of the object during irradiation. If living organisms are 
listed in the order of the doses which have been found necessary to 
produce observable changes in them (see e.g. SPEAR’), the dose range 
covered is an enormous one, extending certainly from 10° erg/gm, 
which visibly interferes with mitosis in embryonic tissues of the grass- 
hopper and chick, and in meristematic tissues of plants, to 10° erg/gm 
necessary to cause a loss of infectivity in 50 per cent of the smallest 
plant viruses irradiated in the dry state. Macromolecules and structures 
which form part of living organisms may be exposed to doses of this 
order without gross loss of structure, as judged by x-ray or electron 
diffraction studies, but artefacts arising from irradiation damage must 
ultimately set a limit to the exposure in such investigations. PERRON 
and WriGuHT? have estimated that a marked loss of crystallinity in wet 
collagen fibres results from exposures of the order of 10° erg/gm. Dry 
fibres were appreciably more resistant. 

These dose levels merge with those necessary to cause a measurable 
amount of chemical change in pure substances, and the energy supplied 


by the radiation in such cases is more than sufficient in itself to produce 
the observed change. The same is true of the induction of gene 
mutations by ionizing radiation. From the temperature coefficient of 
certain mutations which occur spontaneously and are known to be 
readily induced by ionizing radiation, it is possible to calculate*+' that 
the activation energy is only between one and two volts—far below the 


mean energy associated with the production of an ion pair. 

On the other hand, when cells are damaged by doses as low as 
10° erg/gm, it is clear that a long sequence of changes intervenes 
between the initial slight derangement and the observed end result. 
The total energy represented by the radiation dose is only of the order 
of the energy requirement of the cell during a period of one second. The 
cytological damage actually observed is often non-specific. Thus, the 
so-called ‘temporary inhibition of mitosis’, which iscommonly regarded 
as one of the most characteristic forms of response to ionizing radiation, 
is also seen in cells exposed to ultraviolet radiation, to substances 
circulating in the blood stream after the release of a tourniquet, to a 
great variety of substances which are not apparently related chemically, 
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and may be produced simply by depriving the cell of oxygen or ex- 
posing it to an atmosphere of CO,. Even cell degeneration is sometimes 
a normal and essential part of organ development in embryos. Further- 
more, since ionization is formed along the tracks of particles which pass 
at random through the cell under ordinary conditions of irradiation, 
we may be sure that most functions of the cell are damaged in some 
measure. Despite this unpromising situation, much progress has been 
made in the evaluation of the relative importance of damage to different 
organs of the cell, and in tracing the role of metabolism in the develop- 
ment and the repair of the primary damage at the level of cytological 
injury, as well as at the more accessible though more complex level of 
damage resulting from the irradiation of whole animals. The analysis 
of cellular damage has so far proceeded largely in terms of biophysical 
and biochemical concepts. Exposure of the whole animal raises addi- 
tional problems in animal physiology closely allied to problems of 
general medicine. For this reason, since selection was imperative, it has 
been exercised in favour of the former type of study, though the volume 
of research has probably been very much greater during the past ten 


years in the latter. 

All radiobiological research during the past decade has been greatly 
influenced by two contemporary developments. In the first place, there 
has been an intense study of the cytological damage—more particularly 
the changes induced in the genetic material of the cell—resulting from 


treatment with chemical agents, which has resulted in the discovery 
that some chemicals, of which the so-called sulphur and nitrogen 
mustards are outstanding examples, are in a high degree radiomimetic. 
The implications of this are not yet clear, but the discovery has 
encouraged the hope that from the study of the relation between 
chemical structure and cytological damage something might be learned 
regarding the chemical nature of the systems in the cell which are 
primarily injured, both by these chemical agents and by ionizing 
radiation. Chemical agents have the advantage of variety but they 
have first to cross membranes before they can be effective. Moreover, 
they cannot readily be applied in a quantitative manner. Ionizing 
radiations have the advantage that they are more quantitative, and 
provide a means of damaging limited regions of the cell at a time, the 
location of these regions being open to calculation, at least on a 
statistical basis. The two studies are therefore complementary and 
frequent comparisons will be made between the results obtained with 
chemical and with ionizing agents. 

Secondly, there have been important advances in our knowledge of 
the effects of ionizing radiations on water and aqueous solutions. ‘These 
are discussed in the penultimate section of this chapter but one result 
in this field should be mentioned here as it has been of outstanding 
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importance in stimulating radiobiological experiments. This is the 
observation that a decrease in yield—often around threefold—in chem- 
ical changes of an oxidative nature generally results when the solute 
is irradiated in the absence of dissolved oxygen. Closely associated with 
this is the observation that in the presence of strong reducing agents 
the radiochemical yield of any given solute is often reduced by com- 
parison with that obtained in aerated solution. 

The fact that many biological reactions are similarly influenced by 
oxygen tension and by the addition of reducing substances to the cell 
at the time of irradiation has exerted a strong influence on radio- 
biological thought, as will appear in the text. 


EFFECTS ON ANIMALS OF WHOLE BODY EXPOSURE TO 
IONIZING RADIATIONS 

In order to assess permissible levels of exposure for those working with 
ionizing radiations, as well as in the hope of finding some way of 
counteracting the effects of exposure, very many investigations have 
been undertaken under the auspices of the American Atomic Energy 
Commission. The status of these investigations early in 1947 was 
reported in a series of very informative articles under the title “The 
Plutonium Project’ (see also BIBLIOGRAPHY). These papers report 
experiments on a number of species of mammals and deal with the 
general health and survival of the animals, with physiological, hae- 
matological and other disturbances, and with the carcinogenetic effects 
of irradiation. Histological damage to most of the principal organs is 
described more fully in Histopathology of Irradiation by Bioom’. The 
animals were exposed to external 8-, y-, x- and neutron-radiation in 
acute exposures at dose levels ranging from those which just produce a 
detectable change to those which bring about the death of the animal 
in a few days. The effects of daily exposure to external radiation at 
levels between 10 and 800 erg/gm/day, and of chronic exposure to 
ingested isotopes was also studied (see J. F. Lourrr in this series of 
Progress Reports 1950). The objectives were practical ones, namely, to 
assess permissible levels of exposure of different types of ionizing radi- 
ations, to search for sensitive biological indicators of radiation damage, 
and to suggest means of radiation therapy. These lines of research have 
continued and those that are ‘declassified’ are systematically abstracted 
in Nuclear Science Abstracts. These papers and reports are of great interest 
but they often reflect rather upon the operation of the body as a whole 
under a particular combination of stresses, than upon the nature of the 
action of radiation on individual cells. This applies not only to those 
physiological reactions which bear a close resemblance to the stress 
syndrome in man (¢f SELYE’) but in certain cases also to histological 
damage, at least in so far as the operation of repair processes in one 
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organ may be affected by the degree of damage sustained by another, 
as has been clearly demonstrated for the interrelated organs of haemo- 
poiesis (JACOBSON et alii*"'), 

In animals exposed to penetrating radiation the haemopoietic and 
lymphoid tissues are severely damaged, and associated in time with the 
low lymphocyte count the body shows a much reduced ability to 
develop immune reactions. Shock, haematological damage and in- 
fections are among the many factors which contribute, in varying 
degrees in different species, to the final result in animals exposed to 
doses of about 2 10* erg/gm. Nitrogen mustard produces effects in 
many respects similar to those produced by ionizing radiation, in- 
cluding suppression of the immune response'!. Current views concerning 
the effects of whole body irradiation of man and animals have been 
reviewed by Loutir'’. For good accounts of particular aspects of whole 
body response see BIBLIOGRAPHY. 

Such results serve to underline the caution with which data derived 
from experiments in which animals are exposed to whole body radiation 
must be interpreted. It is nevertheless of interest to note the results of 
a group of experiments in which the influence of anoxia, cyanide and 
cysteine treatment on the sensitivity of animals to whole body exposure 
have been investigated. The fact that these treatments are only effective 
when given immediately before irradiation sharply distinguishes them 


from the protective effects of other agents, as, for example, estradiol 
benzoate’, which exerts it maximum effect when given 10 to 14 days 
before irradiation and is ineffective when given immediately before 


irradiation. 

It is naturally a matter of great difficulty to deprive an animal of 
oxygen for long enough to carry out an irradiation without thereby 
killing it. New-born rats, however, offer the experimenter some scope 
in this direction, since Evans'* showed that they may be strapped so 
tightly as to prevent breathing and still survive after 15 to 20 minutes 
of this treatment. In this way, EvANs demonstrated that anoxia reduced 
the sensitivity of the skin, as judged by the subsequent development 
of erythema, epilation and desquamation, by a factor of about two. If 
only the skin is being investigated it is, of course, simpler to achieve 
anoxia by ligating the tail or limbs, as was done by Evans, with 
essentially similar results. An effect in the same sense and of almost the 
same degree has recently been obtained by Downy, BENNETT and 
Cuastain’, who found that the LD50 of rats given whole body 
irradiation in 5 per cent oxygen is double the normal value. Here we 
seem to approach close to influencing the primary biophysical process, 
but great caution is needed, especially in experiments in which blood 
supply is restricted. BuLLouGH and GREEN" have shown that imme- 
diately upon release of a tourniquet from the hind limbs of a mouse 
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the mitotic index throughout the whole skin falls rapidly to zero and 
no new prophases occur for some time, an effect attributed to a shock 
mechanism resulting from the release of metabolites into the blood 
stream. 

Dowpy and his collaborators found that sodium cyanide, which 
inhibits respiration, failed to protect their rats and concluded that the 
influence of the dissolved oxygen was at the level of the primary 
radiochemical change. 

There appears, on the other hand, to be convincing evidence that 
mice of the C,, Black strain are protected against whole body exposure 
by administration, just prior to irradiation, of 0-1 gm sodium cyanide 
per 30 gm animal. This evidence is provided by the work of Baca, 
Herve and their collaborators'’. While all untreated animals died 
between the fifth and the ninth day after 6 < 10* erg/gm x-radiation, 
50 per cent or more of the animals receiving sodium cyanide survived. 
Some prolongation of life but no increased survival resulted if the 
sodium cyanide was given two minutes after irradiation, and no 
protection at all resulted if the delay was as much as fifteen minutes 
The results do not permit the degree of protection to be expressed in 
quantitative terms as a percentage reduction in the efficiency of the 
absorbed energy, but since the administered dose is not much above 
LDS50 and only 50 to 80 per cent of the cyanide-treated animals sur- 
vived, the degree of protection cannot be large. 

A quantitative investigation of the protective effect of cysteine, a 
powerful reducing amino acid against whole body x-ray exposure of 
Sprangue-Dauley rats has been made by Parr and his collaborators!*". 
Protection is afforded equally whether the cysteine is given one hour 
or 5 minutes before irradiation but there is no significant protection if 
it is given after irradiation. There is independent evidence that cysteine 
protects bacteria”, local areas of skin*', and plant meristems (Forss- 
BERG—private communication), and it is likely that we are dealing here 
with a genuine effect of the change in the physiological condition of the 
cells and not with the whole body adaptation mechanism. ‘The degree 
of protection afforded to rats was found to increase with the amount of 
neutralized cysteine hydrochloride which was added up to the limit of 
950 mg/kg body weight set by toxicity. At the highest concentration, 
the LD50 was increased by a factor of from 1°5 to 2. Similar results 
are reported for mice. A study of the peripheral blood showed that the 
cysteine significantly modified the de pression of the heterophil, red 
blood cell and ly mphocyte count, so that both bone marrow and lym- 
phoid tissues may be presumed to have been protected, but as has been 
seen, indirect mechanisms may have been involved here to some extent. 
No protection was afforded by cystine, the oxidized form of this amino 
acid. 
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Among the substances investigated by Dave for the protection of 
enzymes irradiated in aqueous solution, thiourea was one of the most 
effective. It is therefore of considerable interest that MoLre, PHILpoT 
and Hopces” found that this substance considerably reduces the 
mortality of mice of the CBA strain exposed to doses of x-radiation in 
the neighbourhood of (L.D50)30 days, if given immediately before, but 
not if given after irradiation. In quantitative terms, the degree of 
protection was estimated as equivalent to a lowering of the x-ray dose 
by 10 to 15 per cent. Sodium ethanedithiophosphonate gave a pro- 
tection comparable with that of thiourea. 


TISSUE DAMAGE RESULTING FROM EXPOSURE TO IONIZING 
RADIATION 
Very early in the history of radiobiology, it was realized that the tissues 
of the body which are most easily damaged by radiation are all of the 
generative type, such as skin, haemopoietic tissue and testes. These 
three tissues have in common the fact that by the proliferation of a 
germinative type of cell, daughter cells are constantly being formed 
which pass through one or more stages of maturation, serve a useful 
function and die or pass out of the system. As we now know, the list 
can be greatly extended to include other epithelial tissues, such as the 
lining of the gastro-intestinal tract, which is continually being replaced, 
and lens epithelium, which throughout life is proliferating to form 
fresh lens fibres. It also includes plant apical meristems, where con- 
tinual proliferation maintains a supply of those cells which differentiate 
to form cortex, vascular system and other organs of the growing plant, 
and it includes germinal centres in embryos, of which the germinative 
zone in the developing brain and retina of the rat and the tadpole have 
been extensively investigated. In all these situations, the pattern of 
response to moderate doses of radiation is strikingly similar, being 
conditioned by the fact that cells are more easily deviated from their 
normal course of development by exposure to ionizing radiation as 
they prepare for, or are engaged in, the process of division, than at any 
other time. The reason for this is still largely a matter of conjecture 
and a great many of the investigations which will be reviewed in the 
following sections are directed to its elucidation. If a proportion of cells 
ia the germinative zone or the meristem are permanently inhibited 
from proliferation, the size of the zone will be temporarily reduced. If 
the damage has not been excessive, the zone builds up again to its 
original form. For examples of this in the tadpole, see SPEAR and 
GLUCKSMANN*’, and in a root tip meristem, see GRAY and ScHoLes”. 
The supply of maturing cells, being determined by the amount of 
proliferating tissue, also falls to a minimum and recovers. The time 
scale is set by such factors as whether the injured proliferating cells die 
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or differentiate, and if they die, whether they do so at the first division 
or after having passed through one or more divisions. When, as for 
male germ cells, maturation proceeds through a recognizable succes- 
sion of stages, damage to the spermatogonia results first in a reduction 
in the population of primary spermatocytes, then in the secondary 
spermatocytes, then the spermatids and finally the sperm. Repopulation 
follows in the same sequence (PAuLA HeErRtTwic and others, concisely 
reviewed by GLucKsMANN®>). The characteristic decline and recovery in 
the number of circulating lymphocytes, leucocytes and red blood cells 
may be similarly related to damage sustained by the more primitive 
types of cell in the lymphoid tissue and bone marrow. 

A careful quantitative analysis of such changing populations can 
reveal at which stage of development the cell is most obviously affected, 
and whether the injury results in death, or delayed or permanent in- 
hibition of division. For example, contrary to what was formerly 
believed, EscHENBRENNER* concludes that the changes seen in the 
testes of mice exposed to doses of up to 2 x 10* erg/gm of x-radiation 
are due not to destruction of spermatogonia but to a prolonged delay 
in division. The same conclusion has been reached by SHAVER and 
Mason”? for rats receiving 10° erg/gm locally to the testes. Necrosis 
and pyknosis in the spermatogonia were relatively infrequent. GRAY 
and ScHoueEs™ conclude that when root apical meristems are exposed 
to 1°4 x 104 erg/gm of x-radiation some cell death occurs, but a large 
proportion of the meristematic cells, which cease to be able to prolife- 
rate, differentiate and form part of the root structure. 

The end result, as far as the character of a tissue is concerned, will 
depend on tissue, as distinct from cellular, repair, and therefore on the 
integrity of adjacent structures and the blood supply. Poppe’s experi- 
ments* suggest that some of the peculiarities of radiation induced 
cataract arise from the fact that in the lens, new fibres are continually 
being laid down throughout life by slow proliferation of the epithelium, 
so that since no phagocytic mechanism exists, a damaged epithelial 
cell contributes permanent damage to the lens in the form of a damaged 
fibre. After very heavy damage many tissues show a recovery which is 
apparently remarkably complete, but the fact that tumours are apt to 
develop later may mean that a proportion of the cells is permanently 
altered. If the dose rate is sufficiently low an apparent equilibrium may 
be reached between cell damage and tissue repair. Tradescantia plants 
exposed to 170 erg/gm/day of y-radiation give rise to pollen having the 
same degree of fertility whether the plants have been irradiated for a 
few weeks or for months?’, On the other hand, in other situations, 
chronic exposure predisposes to tumour formation and malignancy. 
Histological factors must be eliminated from, or allowed for in, the 
evaluation of experiments concerned with cytological damage. When 
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all the information concerning mammalian generative tissues is con- 
sidered, along with that concerning embryonic tissues in rat and 
tadpole and meristematic tissues in roots already referred to, the 
remarkable fact emerges that the cells which go to form generative 
tissues, whether in animal or plant, adult or embryo, all require 
comparable doses of x-radiation to damage them grossly when they 
are actively proliferating. It is also noteworthy that all these tissues 
have in common the fact that they are more easily damaged by neutron 
radiation than by an equal dose of x- or y-radiation. The relative 
effectiveness of the two radiations, expressed numerically as_ the 
reciprocal ratio of the doses needed to produce the same degree of 
biological damage, is, in fact, much the same in the different tissues!*?. 

It is noteworthy that the response of tumour tissue to irradiation in 
many respects resembles that of normal tissues of the generative type. 
Consideration of the differences between normal and malignant cells 
is beyond the scope of this chapter. It is, however, of general interest 
that the influence of anaerobiosis on the damage induced by ionizing 
radiation was clearly brought out at a comparatively early date by 
CRABTREE and CRAMER who used the growth of fragments of tumour 
tissue which had been irradiated in vitro as a criterion of biological 
damage. The influence of many environmental factors was studied. 
Changes in the pH of the suspension medium from 7°8 to 6°6, and an 
increase in glucose concentration up to 0°2 per cent were without influ- 
ence. Iodoacetate and fluoride which are powerful inhibitors of gly- 
colysis were also without influence. Sensitivity to irradiation was, 
however, decreased when cells were irradiated in an atmosphere of 
95 per cent nitrogen plus 5 per cent carbon dioxide, either at room 
temperature or near 0° C, or in 95 per cent carbon monoxide plus 
5 per cent carbon dioxide at room temperature, both of which treat- 
ments inhibit respiration. Sensitivity was increased when the irradi- 
ation was carried out either under ordinary aerobic conditions near 
o° GC, or in the presence of 2 x 10% M hydrocyanic acid. Both these 
conditions also reduced respiration to zero, and the latter greatly 
enhances aerobic glycolysis. It will be seen that the conditions which 
remove oxygen from the cell at the time of irradiation reduce sensi- 
tivity, but that there is no clear correlation with the functional 
condition of the enzyme systems in the cell at the time of irradiation. 
The effect of hydrocyanic acid is in the opposite sense from that 
found by Bacg et ali in the case of whole body irradiation (see 
page 245). 

We may contrast with this uniformity of response as between dif- 
ferent organisms the extremely wide range of relative sensitivity to 
radiation damage shown by the same cell at different times in its life 
history. 
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DEVELOPMENT OF RADIATION DAMAGE TO CELLS 


Bearing in mind the infinitesimal amounts of energy delivered to the 
cell by moderate doses of radiation it is evident that the primary effect 
of radiation can do no more than introduce certain small defects into 
the whole mechanism. The outcome must depend on whether these 
are repaired or amplified as the machine tries to operate in an injured 


condition. 

The influence of metabolism on the development of an injury has 
usually been considered to be bound up with the requirement that the 
cell must at least enter mitosis, if not pass through one or more mitoses, 
to develop the full extent of the injury resulting from exposure to low 
doses of radiation. Thus, GLUCKSMANN and SPEAR” were able to control 
the development of degeneration among the cells of generative tissue 
in the tadpole, either by starvation or cold. Except in one case, no 
degeneration appeared until mitotic activity was resumed. The excep- 
tion was when starved irradiated animals were fed. In this case de- 
generation appeared at a time when there was no visible evidence of 
cells entering mitosis. 

The matter has been taken a step further by Duryee*!, using eggs of 
frogs and salamanders in an early meiosis. The living eggs were ex- 
amined after irradiation, particularly for visible abnormalities in the 
nuclei—a pyknosis affecting the appearance of the chromosomes, the 
nucleoli and the central nucleoplasm—which appear in a high propor- 
tion pe nuclei in the course of a few days at 22° C after exposure to 
3 X 10° erg/gm of x-radiation. The nuclei, however, appeared normal 
for a pe - of up tol 4 days after the same treatment if kept at 4° C but 
developed the injury rather more quickly than usual when returned to 
22° C—possibly because, as more prolonged periods at 4° C indicated, 
the low temperature greatly depressed but did not entirely block the 
development of the injury. After much larger doses of around 5 x 10° 
erg/gm, the same type of nuclear change was seen after the lenin of 
half an hour at room temperature. When nuclei were isolated from the 
egg by microdissection and washed free of cytoplasm, this dose of 
radiation produced negligible damage. Since in the intact egg this dose 
did not produce immediate visible damage, it is clear that even after 
such relatively large doses metabolic processes must intervene before 
the injury is apparent and it is therefore not unexpected that isolated 
nuclei appear unaffected. That the nuclei have not been rendered 
insensitive by the microdissection was shown by the fact that the injury 
developed if they were exposed to radiation in the presence of a cyto- 
plasmic brei or pulp, prepared by grinding in a mortar the contents of 
three eggs from which the nuclei had been removed. The brei could 
either have provided the necessary metabolism to the nucleus or 
injured the nucleus indirectly through a toxic product formed in the 
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brei as a result of irradiation. Evidence in support of the latter view is 
contributed by microdissection experiments, in which cytoplasm from 
irradiated eggs (3 x 10° erg/gm) was transferred to non-irradiated eggs 
and resulted in nuclear pyknosis. This nuclear pyknosis was of a rather 
unspecific kind and was induced in 5 out of 30 trials by the micro- 
dissection procedure alone. When irradiated cytoplasm was transferred, 
the pyknosis was observed in 23 out of 29 trials. It is to be hoped that 
DuryEE will pursue this promising line of investigation to establish the 
contribution to the observed damage arising from specific toxins 
generated by the radiation and from the microdissection procedure. It 
is necessary to be critical in proportion to the importance of the infor- 
mation which is sought. 

We may conclude that metabolism plays an essential role in the 
development of injury to the structural components of the nuclei 
studied. It may be that a non-specific pyknosis can result from the 
diffusion into the nucleus of toxic products from irradiated cytoplasm, 
which is not produced, in the absence of metabolism, by direct damage 
to the nuclear material. Discrete chromosome fragmentation was not 
recorded by DuryYEE as a result of introducing irradiated cytoplasm 


into non-irradiated eggs. 

The observation of Duryere*! that irradiation of isolated nuclei 
produces no visible change in the absence of metabolism is in accord 
with experiments of von EuLER and Haun*. These authors carefully 


isolated nuclei from calf thymus and exposed them to doses between 
2°5 <x 10° and 6°5 x 10° erg/gm of x-radiation. Nucleoproteins pre- 
pared from the irradiated nuclei were characterized by analysis, by 
viscosity measurements, by dialysis and by absorption measurements, 
but no change in the properties was found. 

In the same connection it is interesting to note that LimpEeros and 
MosHer*™ found that the anomalous viscosity and birefringence of 
nucleic acid extracted from the thymus glands of rats, immediately 
after the animals had been exposed to 10° erg/gm whole body x- 
radiation, were the same as from control animals. Marked changes in 
the ratio of purines to pyrimidines were, however, reported. 

It is not inherently improbable that irradiated protoplasm should be 
toxic. A proportion of sea-urchin sperm introduced into irradiated 
sea-water loses the ability to fertilize the eggs**. The sperm also show a 
reduced rate of respiration when suspended in sea-water which has 
been exposed to 2 x 10’ erg/gm of x-radiation®. Heavily irradiated 
culture medium has been found to be injurious to bacterial growth**», 
It is rather a matter of surprise that though effects which might be 
ascribed to an indirect action proceeding from the irradiation of 
cytoplasm have often been sought, they have either not been found, or 
are many orders of magnitude less potent than the effect of direct 
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irradiation. Thinking particularly of nuclear damage, one can recall 
the observation of HENsHAw that the irradiation of cytoplasm of the 
developing Drosophila egg had very much less effect on viability than 
the irradiation of the nuclei; and the classical observation of HERTwIc, 
confirmed by Rucu*®, that heavily irradiated amphibian sperm may 
enter and activate the ovum without preventing the development of a 
normal parthenogenetic individual; or of the recent experiments of 
Wuitinc”’ in which, by mating irradiated female wasps (Habrobracon) 
with untreated males, haploid individuals could be obtained, derived 
either from irradiated cytoplasm and irradiated (female) nucleus or 
irradiated cytoplasm and non-irradiated (male) nucleus. The dose 
required to inhibit development of the latter, 5°4 « 10° erg/gm, was 
22 times greater than that (2°4 x 10° erg/gm) required to inhibit the 
former. The author concluded that in those animals which fail to 
develop after irradiation of cytoplasm only, the injured cytoplasm acts 
in a direct manner in killing the embryo and not indirectly through 
injury to the untreated chromosomes. For a detailed consideration of 
these experiments see articles by PARKEs** and LEA”. In these instances, 
at least, direct nuclear damage far exceeds in importance the toxicity 
of irradiated protoplasm as a bar to normal development. 


REPAIR OF RADIATION DAMAGE TO CELLS 
All forms of radvation 
Following all forms of irradiation, the dependence of recovery proc- 
esses on metabolism may be inferred from the many experiments 
which have been performed from time to time, in which organisms 
have been stored in the cold after irradiation. In general, little or no 
recovery takes place under these circumstances*!. The experiments of 
Duryee”", referred to in the previous section, provide further evidence 
of this, as also recent experiments of LAMARQUE and Gros”, in which 
it was shown that after exposure to x-radiation the eggs of the silkworm, 
Bombyx mort, could be stored in the cold for periods of up to six months 
without showing any evidence of recovery from radiation damage. 
Pat? and Swirt* have shown that the toxicity of whole body exposure 
of frogs may be delayed as long as 130 days by maintaining the animals 
at 5 to 6° C, but the ultimate mortality was not altered. The metabolic 
level during irradiation did not affect overall sensitivity, and the 
primary damage was not repaired in the metabolically depressed 
animal, 


Repair of ultraviolet radiation damage by exposure to visible light—‘Photo- 
reactivation’ 

An aspect of cell recovery of the greatest interest to radiobiology was 
discovered, apparently independently and almost simultaneously by 
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KELNER“ and DuLpecco* late in 1948. This consisted of the observation 
by chance that a high proportion of the micro-organisms which these 
authors had exposed to an inactivating dose of ultraviolet radiation 
survived if exposed to visible light before incubation. As pointed out 
by KELNER, cases had frequently been reported in the older literature, 
reviewed by Pratr*®, of an ‘antagonism’ between light and ultraviolet 
radiation in their effects on cells, but the effects observed were slight 
and inconsistent. Accounts of the discoveries of KELNER and DuLBECcco, 
and other work reported subsequently, though only of the nature of 
preliminary reports, and sometimes only abstracts of papers presented 
at meetings, suffice to establish on a firm basis certain very interesting 
features of the phenomenon. 

KELNER was working with conidia of Streptomyces griseus, which were 
exposed to ultraviolet radiation in saline or distilled water suspensions. 
In a typical experiment, the dose of ultraviolet radiation was such as 
to reduce the number of viable organisms, estimated by plating on 
nutrient agar, from 4 10° to 2°5. If, while still in suspension, the 
organisms were exposed to intense visible light the number of organisms 
which proved viable on plating rose with the duration of exposure to 
8 x 10°. Many such experiments were performed. Light in the visible 
region of the spectrum was chiefly responsible. Infra-red could be 
filtered out without reducing the degree of reactivation. 

Organisms kept for 4 hours at 5° C after ultraviolet treatment were 
equally susceptible to reactivation. If the temperature during reactiva- 
tion was raised—up to 50° C—the effectiveness of a given light exposure 
was increased. 

DuLBECCO’s experiments were made with the T group of Bacillus coli 
bacteriophages. It was already known that these bacteriophages showed 
a most interesting recovery phenomenon after ultraviolet radiation, 
which was discovered by Luria 4748, who observed that if bacteria 
absorb more than one inactivated phage particle, regeneration of 
active phage may ensue. In the photoreactivation experiments, phage 
was always mixed with an excess of bacteria so that dual infection and 
the resultant natural reactivation was negligible. In these circum- 
stances, results similar to KELNER’s were observed in that as much as 
a thousandfold increase in the number of viable organisms could be 
obtained by subsequent treatment with visible light, compared with 
the number which would remain viable normally after a given treat- 
ment with ultraviolet radiation. Photoreactivation, however, only 
occurs if the phage and bacteria are in association when exposed to 
visible light. All seven varieties of 'T phage showed the phenomenon, 
though in different degrees. Light of greater wavelength than 4,400 A 
was ineffective. The region of the spectrum of greatest effectiveness 
appeared to be around 4,000 A. No conditions were found under 
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which subsequent treatment by visible light in any way influenced the 
degree of inactivation resulting from exposure to x-radiation. 

Novick and SziLarp* have studied the photoreactivation of B. coli 
inactivated by ultraviolet light and have reported some extremely 
simple and apparently highly significant quantitative relationships. The 
first is that in this material a sufficiently long and intense exposure to 
light produced a limiting degree of photoreactivation, in which a fixed 
proportion (about two thirds) of the effect of the ultraviolet dose is 
annulled irrespective of the magnitude of this dose. That is, a dose D 
of ultraviolet radiation followed by sufficient exposure to light produces 
the same degree of inactivation as a dose g * D without light, where 
q is ~ 0°3. The natural implication of this result is that ultraviolet 
radiation is producing injury at a constant rate by two distinct 
mechanisms, only one of which is capable of recovery by photo- 
reactivation. Furthermore, Novick and SziLarp found that under the 
conditions of constant intensity of visible illumination, the rate of 
recovery could be represented formally by imagining a fraction (1 — g 
of the original effect of the ultraviolet radiation as potentially capable 
of recovery and assuming that the rate of recovery was proportional to 
that portion of (1 qg) which still remained unannulled by the light. 
They went on to examine the effect of light intensity on the yield of 
mutants to phage resistance resulting from ultraviolet exposure. The 
usual techniques were adopted, and so-called ‘end point’ mutants were 
counted, in which the assessment of the number of mutants was not 
made till the bacteria had passed through about eight generations”. It 
was found that light treatment reduced the yield of mutants in a 
manner identical with the reduction in inactivation, that is, the yield 
obtained after a dose D of ultraviolet radiation followed by sufficient 
exposure to light was the same as after a dose gD without light, and g 
was estimated at close to the same value 0°3 for mutations resulting in 
resistance to the Ty, I and T, phages respectively. The mutation 
results are offered with more reserve than the inactivation results, 
which were regarded as firmly established. Many geneticists feel com- 
pelled to accept information concerning bacterial mutation with 
reserve, because, for want of well established techniques for passing the 
organisms through a sexual mating process, it is often hard to be sure 
that strain differences are really due to gene mutation having taken 
place at one or more loci. If the strain differences observed by Novick 
and SziLarD to be produced by ultraviolet light are indeed the result 
of gene mutations then it is of the greatest interest that visible light can 
reverse a fixed proportion of the mutagenic potency of the ultraviolet 
light. It is the more interesting if the proportion turns out to be the same 
as in inactivation, since it has been suggested that inactivation by ultra- 
violet and ionizing radiation is, in fact, the result of a lethal mutation. 
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KimBALt and GAITHER™ looked for evidence of photoreactivation in 
Paramecium after exposure to ultraviolet and x-radiation, using‘ four 
criteria of radiation damage, namely: mutation, as measured by 
death and reduced division rate after autogamy; temporary reduction 
in division rate in the first few days after irradiation in the absence 
of autogamy; death in the first few days after irradiation; micro- 
scopically visible change in the structure of the macronucleus requiring 
a few hours to reach complete expression. In all four cases, exposure 
to intense light greatly reduced the effects produced by exposure to 
ultraviolet radiation. The induction of mutations by x-radiation, on 
the other hand, was not affected by subsequent exposure to visible light. 

The fact that so far no photoreactivation has been obtained after 
exposure to an ionizing radiation throws into relief the interesting 
differences already noted between ultraviolet and x-ray injuries. 

Bium, Roprnson and Loos® have observed that visible light in the 
wavelength region 4,000 — 5,000 A which does not in itself accelerate 
the cleavage of Arbacia eggs, greatly accelerates recovery of the eggs 
from exposure to ultraviolet radiation, as shown by a reduction in the 
cleavage delay, if the light treatment follows but not if it precedes 
ultraviolet treatment. No such effect is observed after exposure to 
x-radiation. By comparing the effects of visible light on irradiated 
sperm, eggs, and nucleated half eggs, these authors made the very 
important observation that photoreactivation is only observed in this 
material when the cytoplasm is exposed to visible light. MARsHAK™ 
reports similar findings with Arbacia eggs. 

Bium and his collaborators point out a very interesting parallel 
between the results of their experiments and those obtained by 
DuLBecco with phage. Cleavage delay is induced by the exposure of 
either sperm, unfertilized or fertilized eggs to ultraviolet or x-radiation. 
Enucleated half eggs will cleave after fertilization, but exposure of the 
enucleated half eggs to either ultraviolet or x-radiation induces no 
delay in cleavage. We may infer, therefore, that the primary damage 
is to nuclear material—at least at the dose levels usually employed. 
SCHLIEP”, using pencils of ultraviolet radiation, has shown that delayand 
nuclear abnormalities may be produced when the nucleus is excluded 
from the field ofirradiation but very much higher doses are required than 
if the nucleus itself is irradiated. Similarly, with phage, which is com- 
posed essentially of nucleoprotein, the primary damage must result from 
the absorption of radiation in this material. On the other hand, recovery 
in the egg only results when nucleus and cytoplasm are exposed to visible 
light together and in phage only when the phage is exposed to visible 
light in association with the bacteria. It is suggested that one function at 
least of the visible light is to stimulate metabolic processes in the cyto- 
plasm which are essential for the repair of damage to the nucleoprotein. 
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Heat reactivation 

ANDERSEN*! has observed that while both strains B and B/r can be 
reactivated by visible light the former, but not the latter, can be 
reactivated by heat. Eighteen hour cultures of this organism, suspended 
in a non-absorbent buffer solution were exposed to ultraviolet inten- 
sities giving dark survival ratios of approximately 107° on incubation 
at 30° C. Incubation at 37° C yields a twentyfold increase and incu- 
bation at 40° Ca hundredfold increase in survivors over that obtained 
on plates incubated at 30° C. 
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Arrest of development and cytological damage seen in the first cells to enter mitosis 
after irradiation 

An immediate effect of irradiation—and one that can often be detected 
at very low dose levels—is the so-called ‘inhibition of mitosis’, which, 
in fact, consists of the arrest in the development of cells which are in 
late interphase at the time of irradiation. What appears to be essentially 
the same phenomenon is seen in the neuroblasts of living grasshopper 
embryos as an arrest of cells in mid and late prophase which, in this 
material, is cytologically distinguishable from both earlier and later 
phases. The rate of development of cells which have passed through 
the critical phase, for any particular tissue, may be upset, but the cells 
complete mitosis (KoLLEer®™®). Observations by Srmon-Reuss and 
SPEAR®’ on irradiated living chick embryo fibroblasts, growing in 
culture, show that while visibly abnormal cells take an abnormally 
long time to pass from metaphase to completion of mitosis, the pro- 
gress of visibly normal cells is not much affected. The behaviour of 
cells in prophase was not studied. Many experiments concerned with 
the response of grasshopper neuroblasts to ionizing radiations and 
to different qualities of ultraviolet radiation have been performed by 
Caritson and GouLpEN and have been reviewed by Cartson’®. 
CarLson’s observations” (Figure 1) clearly showed the accumulation 
of cells in mid and late prophase, and the depletion of the later 
stages of mitosis. In most materials the arrest of development is pre- 
sumed to occur at late interphase since only the falling mitotic count 
is observed. 

The extent to which some cells are capable of recovery from those 
particular aspects of radiation damage which retard or arrest their 
development from interphase through mitosis is quite astonishing. 
Thus, in the grasshopper 4 107 erg/gm of x-radiation produces a 
detectable arrest in mid prophase but a dose 2,000 times larger does 
not prevent the neuroblasts going through at least one division after 
an interval of 18 to 20 hours. While it is characteristic of embryo chick, 
rat and tadpole (SPEAR and collaborators) that cells irradiated in 


255 





BIOLOGICAL ACTIONS OF IONIZING RADIATIONS 


interphase break down in the course of the subsequent delayed mitosis, 
many other types of cell including bacteria, yeasts, paramecia, micro- 


spores and pli int meristems resemble the embryo grasshopper in that 
30 [ Metaphase 


“| Middle prophase 


% 


A) 
0 - 


™~ 
> 


Lells per embryo 





fit} . 
Le//s$ per emoryo 








m Shor rnaniatin 
é OlTe QO K 


1 





107 240 200 2% 27 f) 
80 240 J00 360 420 YL 


OV 


Time after irradiation 


> 
> 


/s per embryo 
Ka 2 
S 


Ce/ 
sf 
=) 











f = 1 
180 240 300 360 420 ¥80 540 0 0 120 180 240 
Time after irradiation j 
Figure 1. Mitotic arrest in grasshopper neuroblasts induced by x-radi- 
ation. Ordinates show the mean number of neuroblasts per embryo (with 
standard errors of the means) in each phase of mitosis during a period of 


9 hours in culture at 26° C after a 10 second exposure to 3,000 erg/gm of 
x-radiation. [CARtson 7. Morph. 71 (1942) 449] 
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cells which are visibly grossly damaged as regards both nuclear and 
cytoplasmic components nevertheless generally complete at least one 
division unless exposed to extremely high doses. 
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Reap and Wo trr® have shown that the arrest which is induced by 
x-radiation in Vicia meristematic cells at late interphase is less in roots 
which have been rendered anaerobic immediately before irradiation 
(Figure 2). 

Almost without exception, only very large doses induce loss of 
proliferative power other than in association with mitosis. The respective 


Figure 2. Influence of dissolved oxy- 
gen on the depression of the mitotic 
index in Vicia faba root tip meristems 
by x-radiation. Ordinates: mitotic 
index after exposure to 1°4 10° 
erg/gm of x-radiation in 4'/,minutes. 
1 Roots irradiated in water from 
which oxygen had been displaced by 
bubbling nitrogen; 2 Roots irradiated 
in water containing 5 ml oxygen per 
litre. [READ and WoxrFr Brit. Emp. 
Cancer Camp. Ann. Rep. (1948) p 94] 
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contributions of primary damage to nucleus and cytoplasm have yet 
to be discovered. We have already noted that the cytoplasm is essential 
to the development of an injury, and to repair. When nuclei are 
excluded from irradiation, either by the use of pencils of ultraviolet 
radiation, or by the use of «-radiation, much higher doses are required 
to induce a loss of proliferative power in association with the subsequent 
mitosis, or visible mitotic abnormalities. When, as with eggs, one of the 
two haploid components of the diploid pronucleus of the fertilized egg 
may be irradiated separately as a sperm, the resultant cleavage delay 
is as great or greater than when both cytoplasm and nucleus of the 
unfertilized egg are irradiated®™. There can be no doubt as to the 
importance of the damage sustained through the direct action of 
radiation on nuclear material. Cytoplasmic damage may lead to less 
spectacular but not less important results. Many experiments bearing 
on this question have been reviewed by Giese". 


Morphological damage to genetic material induced by irradiation of proliferating 
cells 

It remains true at the present time that while many changes are visible 
in both the cytoplasm and nucleus of cells after irradiation—changes in 
size and shape*’, changes in viscosity and ‘bubbling’ of cytoplasm, 
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vesiculation or fragmentation of mitochondria 
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breakage and reconstruction of chromosomes into aberrant forms®™*- 
substantial progress in the attempt to relate the visible damage to 
physical or chemical changes induced directly by the radiation has 
been made only in certain very restricted fields of investigation, and 
almost exclusively in relation to damage to the genetic material of the 
cell. There are, unfortunately, still only very few materials which are 
favourable for the cytological study of radiation damage sustained by 
individual chromosomes. These include Drosophila sperm, the sperm of 
the grasshopper and the neuroblasts of the grasshopper embryo, a 
number of pollens, more especially Tradescantia pollen, which may be 
examined either at meiosis or in the first and second mitoses which 
follow in the pollen grain and pollen tube respectively, and a number 
of plant meristems, particularly the roots of Vicia faba. In these favour- 
able materials, there are many indications of derangement in the 
association of desoxyribonucleic acid with the condensing prophase 
chromosomes. These include a reduction in the nucleic acid content of 
heterochromatic regions of the chromosome, seen particularly in 
roots irradiated at low temperatures”, and stickiness of the chromo- 
somes which have been irradiated at mid and late prophase, resulting 
in a clumping of the chromosomes at metaphase and the formation of 
bridges at anaphase. Chromosomes exhibit such stickiness for a period 
of time which varies with, and is in a general way proportional to, the 
rate at which the cell is proceeding through mitosis. Thus, it may 
persist for 24 days in Trillium pollen developing slowly at 8° C after 
exposure to g X 10° erg/gm of x-radiation, but in Tradescantia pollen, 
in which the interval between the early prophase and metaphase stages 
is about 24 hours at room temperature, the stickiness after 3°6 x 10% 
erg/gm lasts only for 12 hours. In the much more rapidly developing 
meristematic cells these effects are of correspondingly shorter duration. 
Similar alterations in the appearance of the chromosomes are seen in 
grasshopper neuroblasts. The graded nature of these phenomena, the 
stage of development chiefly affected, the increased duration of the 
disturbance with increasing dose and the fact that it may be brought 
about by rather non-specific chemical agents® and even by anaero- 
biosis™ appear to indicate a close connection with the developmental 
arrest in late interphase or prolongation of prophase already discussed. 
Since the nucleic acid content of the chromosomes appears to be 
affected, it is of interest to note that both the chemical and physical 
properties of desoxyribonucleic acid are changed by exposure to 
radiation in aqueous solution. ScHOLEs and Werss® have shown that 
when both desoxyribonucleic acid (DNA) and ribonucleic acid (RNA) 
solutions at a concentration of the order of 0°05 per cent are irradiated 


* The authors quoted are among many cytologists who have described these effects of radiation. 
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by doses of between 3 xX 10° and 10’ erg/gm of x-radiation, free 
ammonia and free phosphate ions are formed. The yield of ammonia is 
decreased if irradiation is carried out either in solutions from which all 
gas has been removed or in an atmosphere of hydrogen. This reaction 
is therefore thought to be of an oxidative nature. On the other hand, 
the yield of phosphate ion increases on withdrawal of air from the 
solution and again on saturating with hydrogen. Nucleic acid is also 
degraded by chemically produced OH radicals. Urea and guanidine 
have been isolated from RNA and urea from DNA®*. On exposure to 
both ultraviolet radiation® and x-radiation**®"”, as well as to OH 
radicals generated chemically”, and to chemicals of the ‘mustard’ 
type”, nucleic acid loses its characteristic non-newtonian viscosity and 
its streaming birefringence. ‘The viscosity becomes much more nearly 
independent of the rate of shear, indicating that the long thread-like 
molecules estimated to have initially (7 vitro) a molecular weight of the 
order of a million are broken up into shorter lengths. Since a long rod 
sediments at the same rate as a shorter rod of the same diameter, such 
breaking up of long thread-like molecules is not necessarily revealed 
by centrifugation. In fact, BUTLER and his collaborators have shown 
that after exposure to 7 10° erg/gm a sample of DNA, irradiated in 
vitro, sedimented at essentially the same rate as before irradiation, but 
the coefficient of diffusion was much greater, showing that the mean 
molecular weight had been considerably lowered and that the material 
had been rendered much more inhomogeneous” (Figure 3). At 4 « 10° 
erg/gm the mean molecular weight was estimated to be about one 
third of the original value. BuTLER and his collaborators went on to 
study the influence of anaerobiosis on the loss of structural viscosity by 
DNA. They found that the immediate effect of x-radiation was inde- 
pendent of oxygen concentration. When oxygen is present, however, 
the DNA suffers a further progressive fall in anomalous viscosity over 
a period of several hours as first observed by TAyLor, GREENSTEIN and 
HOLLAENDER™. It was natural to suppose that this might be due to a 
slow reaction between DNA and hydrogen peroxide formed in the 
solution in the presence but not in the absence of dissolved oxygen. 
The DNA preparation used by BuTLER was sensitive to hydrogen 
peroxide at 10% m but direct tests which could have detected 1 per cent 
of this amount in the presence of the DNA failed to reveal any forma- 
tion of hydrogen peroxide by the radiation, and it was concluded that 
hydrogen peroxide was not the effective agent. Taking into account 
the observations of all those who have studied changes in the physical 
properties of DNA, it is clear that when a o'r per cent solution of DNA 
is irradiated by x-rays, immediate changes are produced which include 
fragmentation of the long filamentous molecules and that these are the 
result of an indirect mechanism since the addition of egg albumen” or 
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thiourea to the solution at the time of irradiation partially protects 
the DNA. This effect is independent of oxygen concentration and has 
no measurable temperature coefficient. In the absence of dissolved 
oxygen, there is no further detectable change in the DNA molecule. If, 
bowever, the DNA is irradiated in the presence of oxygen then in 
addition to the effect referred to above there is a further progressive 


Figure 3. Increase in polydispersity 
of desoxyribonucleic acid resulting 
from treatment by x-radiation and 
chemical agents. Abscissae: value of 
the diffusion constant D. Ordinates: 
relative weight of material in equal 
intervals of D. A: desoxyribonucleic 
acid in o'1 WN sodium bicarbonate- 
untreated; B: after exposure of 0°! 
gm/100 ml desoxyribonucleic acid 
solution to 7 xX 10° erg/gm of x- 
radiation; C: after treatment with 
nitrogen mustard. [CONWAy, GILBERT 
and BuT.er fF. chem. Soc. (1950) 3421] 














change, which is much more rapid at 25 than at 5° C®. This second 
type of change is not influenced by the presence of 0°2 per cent egg 
albumen in the DNA solution at the time of irradiation. The final 
effect of 2 x 10° erg/gm x-radiation in the absence of oxygen is about 


the same as that of 7 x 10° erg/gm in the presence of oxygen”. It is 
rather striking that the presence of dissolved oxygen should be equiva- 
lent to about a threefold increase in dose, delivered anaerobically, in 
close numerical agreement with the influence of dissolved oxygen on 
the x-ray induced depression of the mitotic index and production of 
chromosome structural changes in Vicia meristems (¢f Figures 2 and 5, 
pp 257, 267) and chromosome damage in Tradescantia pollen (cf 


Figure 6, p 268). 

Although a close comparison between the two experiments is proba- 
bly not justifiable because of the different methods by which the DNA 
was prepared, it is apparent that in BuTLER’s experiments 4 x 10° 
erg/gm x-radiation in the presence of oxygen produces an average of 
two breaks in the DNA molecule, representing a yield of about 1 per 
cent breaks per ion pair formed in the water. This was close to the 
yields reported by ScHoLEs and Wetss® for the production of ammonia 
and phosphate ions vz about 3 and 6 per cent respectively, in the 
presence of oxygen, and it might be supposed that breakage has 
occurred at the locus of the chemical changes. 

The dose needed to bring about the changes in vitro is much higher 
than that which causes the changes under discussion in living cells. 
This may well be due either to differences between natural and ex- 
tracted DNA, or to the fact that the zm vitro experiments measure a 
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bulk effect, whereas DNA in the cell may be exposed to the influence 
of radiation as a surface film. Although chromosome stickiness and 
associated phenomena seen in the living cell are so clearly related to a 
nucleic acid disorder, it is by no means certain that the action of 
radiation is an immediate one either on the nucleic acid or the 
chromosomes (cf experiments of von EULER and Haun, text p 250, and 
of LimpEeros and MosHeEr). 

Howarp and Petc” find that in Vicia root meristematic cells, 
desoxyribonucleic acid synthesis stops some considerable time before 
the onset of prophase. This makes it improbable that the arrest of 
development induced by x-rays which occurs immediately prior to 
visible prophase in this material is determined solely by an interference 
with synthesis of desoxyribonucleic acid. The position is not yet clear with 
regard to stickiness, clumping of chromosomes and similar phenomena. 


Chromosome structural damage 
In those materials which are favourable for cytological study, some of 
the cells irradiated in interphase or early prophase, and therefore 
reaching metaphase later than the cells which show clumping, stickiness 
and other phenomena discussed in the last section, are seen to have 
visibly injured chromosomes. Simple breaks may be seen at this stage, 
and interchanges of various kinds between the material of different 
chromosomes may be inferred from the configurations seen at meta- 
phase. The chromosome fragments which lack a centromere are not 
drawn to either pole at anaphase and in many materials round up to 
form discrete ‘fragment nuclei’ as the cell passes into the succeeding 
interphase. Composite chromosomes resulting from the breakage of two 
separate threads and the subsequent fusion of the two portions carrying 
centromeres become stretched to form a ‘bridge’ if the two centromeres 
move to opposite poles. A particular case which is relatively common 
arises when the two threads in question resulted from the duplication of 
a single chromosome during the previous interphase. Ring chromosomes 
and many complex forms may follow from interchange between sections 
resulting from two separate breaks. These have been figured in the 
original papers of the authors already quoted. Diagrams showing the 
commoner forms resulting from the breakage of the chromosome either 
before or after it splits into two separate chromatid threads have 
been conveniently collected together by CarcHestpe™ and LEA”. 
The mechanism by which a chromosome is broken by ionizing 
radiation is clearly the central question in this field of research. 


1 Chromosome breakage—LeA strongly supported the view which had 
been put forward by earlier workers that each break in the chromo- 
some thread, whether it is open at the time of observation, has restituted, 
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or has taken part in exchange formation, is the act of an individual 
ionizing particle. If this is true, then the phenomenon of chromosone 
breakage is one to which all the mathematical analysis of the ‘target 
theory’ is applicable. In order, however, to avoid the confusion which 
is sO apt to arise when terms such as ‘target theory’ are used, the author 
has proposed the term ‘monotopic’ to describe actions in which the 
primary act is the dissipation of energy within a strictly localized region, 
without regard to whether the energy is dissipated within a biological 
structure or in the immediately surrounding medium. This use of the 
term offers the possibility of a synthesis between the formal ideas of the 
target theory and present trends of thought arising out of radio- 
chemical research. The arguments in favour of the view that chromo- 
some breakage is a monotopic effect of radiation are set out very 
clearly by Lea (ref 75 p 246) and are briefly: 

a That in grasshopper neuroblasts and Tradescantia microspores, in 
which simple breaks are cytologically observable, the yield of breaks 
per cell is proportional to the dose for all ionizing radiations. 

b That the aberrations which may be detected cytologically in 
Drosophila*, and the simple breaks in Tradescantia, are independent of 
the duration of exposure within the range tested, which in Drosophila 
extends from a few minutes to a month. 

c That when Tradescantia microspores are irradiated in prophase at a 
time when the chromatid threads are separated but lying side by side, 
aberrations are frequent in which both threads are broken at the same 
locus, but the number ofthese relative to the number of simple breaks de- 
clines sharply when the quantum energy of the x-radiation is so reduced 
that the photoelectrons have insufficient range to cross both chromatids. 

d That in Tradescantia, the yield of chromosome and chromatid 
exchanges produced by y- and x-radiation depends on the duration of 
exposure and varies with the square of the dose when the exposure 
time is constant, whereas the same aberrations produced by neutrons 
and «-particles are independent of the duration of exposure and directly 
proportional to the dose. The force of this evidence lies in the fact that 
the occurrence of two breaks within a short distance of one another, 
which the y-ray and x-ray dose relations clearly show to be the out- 
come of two independent events, are equally evidently the act ofa single 
ionizing particle when the cell is exposed to neutrons and «-particles. 

It is important to notice that the possibility of using the fourth 
argument, to which Lea attached very great importance, arises 
from the two circumstances that in Tradescantia pollen grains indi- 
vidual breaks are produced with high efficiency by protons, and that 


* The circumstance that in Drosophila sperm chromosome breaks remain open till the sperm enters the egg 
makes it possible to apply the intensity test despite the fact that all aberrations which are cytologically observa- 
ble in this material involve at least two breaks. 
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exchanges rarely occur between breaks which were more than | y apart 
at the time of their formation. LEA was careful to point out (ref'75 p 250 

that without this spatial restriction on breaks which can take part in 
exchange formation the yield of exchanges would vary as the square 
of the dose and be dependent on the duration of exposure with neutrons 
as well as with x-rays, since there would be a much greater chance 
that two breaks formed anywhere within the nucleus were produced 
independently by two separate protons than by a single particle. Since 
the same distinction between the high and the low ion density particles 
in relation to the yield of aberrations is observed in Vicia meristems as 
in Tradescantia microspores and pollen tubes, it must be presumed that 
the same spatial limitation to exchange formation applies, but the 
logical basis for the linear relations with the high ion density radiations 
must constantly be kept in mind when results with other materials are 
under consideration. In some very interesting experiments with yeasts, 
for example, LATAryET’®”’ has shown that, whereas the dose survival 
relations observed with both x- and «-radiation indicate a monotopic 
primary action with haploid yeasts, a ditopic* action is indicated when 
diploid yeasts are irradiated but here the «-radiation as well as the 
x-radiation gives a square law dose relation. 


Chromosome breakage induced by chemical agents—Exposure of cells to 
chemical agents often results in cytological abnormalities similar to 
those which result from the action of ionizing radiations on cells which 
are already in division. Frequently, these abnormalities would appear 
to ere from a rather unspecific toxic action of the chemical agent 
(cf p 258). In addition, the power to produce single breaks by an action 
on interphase chromosomes has, however, been demonstrated with a 
few substances, of which those of the mustard type are outstanding in 
their radiomimetic qualities (cf review articles by AUERBACH’ and by 
Lovetess and Reve). Individual chromosome breaks are produced 
by nitrogen mustard in plant materials in addition to stickiness, spindle 
defects and the other effects produced by x-rays. As regards effects on 
Drosophila sperm and on plant chromosomes the resemblances between 
the nitrogen mustard and ionizing radiations are often very striking. 
Thus of the total yield of lethal mutations in Drosophila produced by 
each agent, almost the same proportions are associated with visible 
small deficiencies, which require two chromosome breaks for their 
production. Nitrogen mustard and radiation aberrations also behave 
similarly towards infra-red treatment (see p 274 

DARLINGTON and KoLiER” have shown that in Tradescantia pollen 
treated by nitrogen mustard, recombination of chromosome fragments 


* An obvious extension of the term monotopic to those cases in which the dissipation of energy in two strictly 


localized regions is involved. 
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are observed of the type produced by x-rays, though different types do 
not occur with the same frequency. There are, however, important 
differences between the effects of ionizing radiations and nitrogen 
mustards. Whereas the greatest yield of chromosome rearrangements, 
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Figure 4. Distribution of breaks induced in Vicia faba root tip chromo- 
somes by nitrogen mustard treatment and by y-rays. The seven major 
chromosome arms of the haploid complement are labelled A to G. 
Aberrations scored at metaphase 24 hours (at 20° C) after treatment. 
Upper row: Chromosome and chromatid breaks due to 30 minutes immer- 
sion in 107° M nitrogen mustard at ~ 3° C. Lower row: Numbers indicate 
chromatid breaks and exchanges, and chromosome breaks, per segment, 
due to 10* erg/gm y-radiation in 10 minutes at ~ 3° C. [Forp] 


as seen in the salivary gland cells, is obtained if mature spermatozoa 
are irradiated by x-rays, the nitrogen mustard yield is higher if earlier 
stages are exposed. In Drosophila there is a marked shortage of large 
rearrangements resulting from chemical treatment. Forp'® (Figure 4) 
has demonstrated an important difference in Vicia root meristems in that, 
whereas x-ray breaks are approximately randomly distributed, those 
produced by nitrogen mustard are distributed in a very non-random 
Revewt (in B.E.C.C. Annual Report 1950, p. 67) finds that an exposure of Vicia meristems of few hours’ 
duration to nitrogen mustard, induces most chromosome damage in those cells which were at the beginning 


of interphase at the time of treatment by contrast with ionizing radiation which produces most damage when 
delivered at the end of interphase or in early prophase. 
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manner. It remains to be seen whether treatment with chemicals other 
than the nitrogen mustards will result in selective breakage in certain 
regions of the chromosome. 

Finally, an important difference has beer®noted in that chromosome 
damage resulting from chemical treatment often manifests itself as 
mosaics in a developing embryo, indicating that the cell passes through 
several mitoses before the structural change becomes fully effective. 
These experiments have raised afresh the question as to whether the 
chromosome thread at the time of treatment really consists of a large 
number of threads, all of which are generally damaged by ionizing 
particles, which do not give rise to such mosaics, but which may be 
affected individually by chemicals. Alternatively, it might be supposed 
that the chemicals differ from ionizing radiation in producing an 
unstable state which requires development in order to give rise to an 
actual mutation or chromosome break. 

While there is no reason to suppose an identity of mechanism as 
between nitrogen mustards and ionizing radiations, the new chemical 
evidence calls for a reconsideration of our ideas concerning the manner 
in which chromosomes are broken by ionizing radiations, both as 
regards the point at which the energy must be applied to be effective, 
and whether or not, even under ionizing radiation, the initial act is the 
introduction of an instability which requires time and energy (meta- 
bolism) for its development. 


3 Local dissipation of energ) —An indication of the energy requirem 1ent 
oe break production in Yradescantia pollen and Vicia meristems by 
ionizing radiation has been derived from studies with radiations of 
different qualities. Since some forms of aberration vary as the square 
of the dose when low ion density radiations (y- or x-radiation) are 
employed and directly as the dose with high ion density radiation 
neutrons or «-particles), the apparent efficiency of the latter relative to 
the former inevitably falls as the dose increases. When small doses are 
employed, this complication is avoided since only aberrations varying 
linearly with the dose are significant in the case of either radiation. 
Under these conditions the exposure of the interphase or early prophase 
chromosomes to a given dose of high ion density radiation is found to 
result in 3 to 6 times as many aberrations, seen at the following meta- 
phase or anaphase, as result from an equal dose of x-radiation. These, 
however, are only considered to represent a small remainder from 
those breaks primarily produced, so that the accurate estimation of the 
proportion of the primary breaks which are actually seen is crucial for 


an exact quantitative comparison of the efficiency of the two radiations. 

Several methods of estimation (LEA, ref 75 p 253) of the proportion 
tJ VO 

of breaks which remain open give consistently a figure of around 
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g per cent for chromatid breaks in Tradescantia, whether produced by 
y-rays, X-rays or neutrons. The figure for x-rays is somewhat higher. 
Since the proportion of breaks which remain open is not significantly 
different for x-rays and neutrons, the difference in the yield of observed 
aberrations produced by these two radiations may be taken to reflect 
a true difference of about the same magnitude in the number of breaks 
primarily produced by each radiation. The difference in the efficiency 
of the individual particles, is, in fact, much greater than would appear 
from comparisons based on the number of aberrations formed per unit 
dose, because the total length of electron track within a given volume 
of tissue resulting from exposure to uniform dose of y-radiation is some 
30 times the total length of proton track resulting from an equal ex- 
posure to neutron radiation. A difference of as little as a factor of three 
in efficiency per unit dose, therefore, implies that a proton which would 
give rise to some 50 ions in crossing the chromatid thread (o°1r yw in 
diameter) has 3 * 30 = go times the chance of breaking the thread as 
an electron which forms an average of only approximately one ion per 
transit*. By rigorous analysis along these lines, LEA was able to show 
that a particle of such ion density that it would form an average of 
15 to 20 ions within the chromatid thread has a breaking efficiency 
approaching unity. He did not assume that any breaks were produced 
by particles which did not traverse the thread. Furthermore, the low 
efficiency of high energy electrons can be accounted for if it is assumed, 
consistently with the estimate derived from proton (neutron) studies 
that only electrons so slow that they could produce around 15 to 20 
ions in crossing the thread, have a good chance of breaking the thread. 
Many y-ray, X-ray and neutron experiments with Tvradescantia were 
comprehended in this scheme. 

That chromosome breaking efficiency in Tradescantia and Vicia is 
empirically related to the density of ionization along the track of the 
particles, and only approaches unity in those particles which, in 
crossing the thread, would form 15 to 20 ion pairs, appears to remain 
a valid deduction from experiment. The following observations make 
it doubtful, however, whether the direct ionization of the substance of 
the chromosome thread is the immediate cause of breakage. 

a The photoelectrons generated by the absorption of 8 A of x- 
radiation in the substance of the chromosomes will, in general, form 
more than 20 ions within the thread, but only about one break is 
produced for every seven such electrons. These electrons will, in 
general, have very tortuous tracks, which when fully extended would 
only measure about 50 muy, or half the estimated diameter of the 
thread. Lea therefore postulated the additional requirement that the 
ionization must be distributed across the thread. 


* More precisely, one electron in three will on the average produce a cluster of about three ions. 


266 





Abnormal! anaphases 


RADIATION DAMAGE TO PROLIFERATING CELLS 


6 «-radiation (KotvaL and Gray®) appears to produce more chro- 
mosome breaks than the number of particles which cross the thread, 
suggesting at least some contribution from the surrounding medium, 
but the evidence is not quite clear-cut because reunion of broken ends 
seems to be more frequent among chromosomes broken by «-radiation 
than by other ionizing radiations. CoNcER and Gives*! have made 
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Figure 5. Influence of dissolved oxygen on the chromosome aberrations 
induced in Vicia faba root tip meristems by x-radiation and «-radiation. 
Ordinates: percentage of anaphase figures which show chromosome ab- 
normalities. a Roots exposed to x-radiation; b Roots exposed to «-radiation. 
Full circles: water through which nitrogen has been bubbled to remove 
oxygen. Open circles: water saturated with oxygen at atmospheric pressure. 
[READ and THopay Nature, Lond. 160 (1947) 608; 163 (1949) 133] 


experiments to determine the efficiency of the low energy protons and 
z-particles resulting from the disintegration of nitrogen and boron by 
slow neutrons. Their estimate of the yield of chromatid aberrations in 
Tradescantia microspores per unit dose is considerably higher than that 
of Korvat and Gray. The estimation of the «-ray dose in these 
experiments depends not only on the amount of boron in the cell, 
which was measured, but on its distribution. This is still under investi- 


gation. 

¢ The discovery that the aberration frequency induced by x-radiation 
is dependent on the concentration of dissolved oxygen (THopAy and 
Reap; Gites and Ritey® and Gites and Bearry® 

TuHopay and Reap studied the effects of anaerobiosis on the per- 
centage of the meristematic cells of Vicia faba which showed no chro- 
mosome aberrations during the period 3 to 48 hours after varying 
doses of both x- and «-radiation. Gites and his collaborators scored 
chromosome interchanges in Tradescantia pollen 4 to 5 days after ex- 
posure to varying doses of x-radiation delivered at constant dose rate. 
Results obtained with Vicia and Tradescaniia are illustrated in Figures 
5 and 6. In both materials the amount of chromosome damage pro- 
duced by a given dose of x-radiation is profoundly affected by oxygen 
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concentration both below and above that corresponding to equilibrium 
with atmospheric air. The whole range of oxygen concentration was 
explored in detail by Gites and Beatrry® (Figure 6) both by changing 


Figure 6. Influence of dis- 
solved oxygen on x-ray induced 
chromosomal aberrations in 
Tradescantia microspores. Or- 
dinates show _ aberrations 
scored at mitotic metaphase 
4 to 5 days after exposure to 
4 < 10* erg/gm of x-radiation 
delivered in 8 minutes. 
[Gites and Beatty Science 112 
1950) 643] 
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the composition of the gas and by increasing the pressure of air within 
the irradiation vessel, up to three atmospheres. The pressure alone was 
without effect. The ratios of chromosome damage in plants exposed to 
a given dose of radiation in nitrogen, air and oxygen which they 
observed were 0°27 : 1°0 : 1°28, the extreme range being 4°7, compared 
with THopay and Reap’s values for Vicia of 0°48 : 1°0 : 1°73 with an 
extreme range of 3°6. By exposing inflorescences to radiation in atmos- 
pheres of argon and helium, Gites and Breatry showed that the 
sensitivity was determined by the concentration of oxygen and not 
appreciably influenced by the presence of inert gases. In view of the 
observation of ALLEN*’ that when water is exposed to high intensity 
electron radiation the equilibrium yield of hydrogen peroxide is de- 
pressed by increasing the pressure of hydrogen gas over the water, 
Gives and Beatty carried out irradiation in hydrogen, using pressures 
up to three atmospheres, but found a yield of interchanges which was 
not significantly different from that obtained with helium. The lack of 
any effect of dissolved hydrogen, as well as of the inert gases, had been 
found previously by REAp, using the growth rate of Vicia roots after 
irradiation as a criterion of damage, which has been shown by his own 
work and that of Gray and ScHoLes” to follow chromosome damage 
in this material very closely indeed in respect of all changes in the 
conditions of irradiation. 

These observations alone do not permit an analysis of the influence 
of oxygen on the processes of breakage, restitution and abnormal 
reunion which together contribute to the observed aberrations. In a 
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subsequent investigation, RitEy, PARKEs and Grres** compared the 
aberration frequencies in two groups of inflorescences—one kept in a 
vacuum both during and following irradiation, and the other irradiated 
in a vacuum but immediately exposed to pure oxygen which was 
introduced under pressure immediately following the radiation expo- 
sure. They failed to find any increased aberration frequency in the 
second group, and concluded that the effect of oxygen in increasing 
aberration frequency is exerted on the initial breakage mechanism 
rather than on the recovery process. 

The x-ray experiments alone do not show whether the change in 
oxygen concentration has altered the chromosomes so as to make them 
less vulnerable to a fixed amount of an injurious agent resulting from 
the x-ray ionization, or whether the dissolved oxygen has participated 
directly in the formation of the injurious product, the yield of which 
therefore increases with oxygen concentration. The x-ray experiments 
of ‘THopay and Reap, though perhaps not absolutely final on this 
point, strongly favour the latter view, since anaerobiosis does not 
change the sensitivity of the chromosomes to the «-ray injury. The 
influence of oxygen in the x-ray experiment and the absence of effect 
in the «-ray experiments so closely parallels the production of hydrogen 
peroxide when pure water is irradiated (cf p 50) that one cannot but be 
predisposed to the view that the phenomena are determined to a 
considerable extent by purely radiochemical considerations. READ has 
shown that the full change in sensitivity of Vicia roots is achieved by as 
little as one minute’s previous exposure to the altered oxygen concen- 
tration. No long conditioning of the chromosomes to a new metabolic 
level can therefore be involved. On the other hand, the sharp change 
of gradient in the curves of Gites and BEatrTy, occurring at the 
oxygen concentration under which the root normally grows, has no 
immediately obvious radiochemical basis and may betoken a physio- 
logical influence. 

Whether or not hydrogen peroxide itself is the injurious agent, these 
experiments not only point to the intervention of a chemical step 
between ionization and damage to the substance of the chromosome, 
but show the necessity for taking into account the difference in the 
radiochemical efficiency of radiations of different ion density as part 
of—or even as the whole of—their different biological efficiency (cf 
P 49). 

Fewer chromosome and chromatid aberrations are seen in Tradescan- 
tia pollen if buds are irradiated at temperatures above normal and 
more if they are irradiated at 3° C. From the experiments of SAx and 
ENTZMANN® in which buds were irradiated at one temperature 
and transferred immediately to another, it would seem that at least part 
of the temperature effect was due to the influence on the process of 
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rejoining. FABERGE is reported” as having investigated chromosome 
breakage in Tradescantia over the whole range from + 25° C to liquid 
air temperatures, which the pollen could apparently withstand under 
the conditions of his experiments without undergoing chromosome 
damage. The sensitivity of the chromosomes shows a dip at o° C and 
than falls progressively till at — 192° C one fifth as many breaks are 
produced by a given dose as at + 25° C. The fall in the sensitivity 
curve is said to resemble that of hydrogen peroxide production in pure 
aerated water, as observed by Bonet-Maury and LeErorr’!:'*! (Figure 
10a p 290) except that whereas no hydrogen peroxide is observed to be 
produced below — 116° C chromosome aberrations are still observed 
after exposures at — 192° C. The residual chromosome damage pro- 
duced by irradiation at liquid air temperatures bears about the same 
relation to that produced at room temperature as the residual damage 
observed by Gires and Ritry® in the absence of oxygen bears to that 
produced in normally aerated plants; both experiments point to the 
existence of two separate mechanisms of break production by x- 
radiation. 

It thus appears that at the present time we must hold an open mind 
as to which, if any, of the following mechanisms of chromosome 
breakage in Tradescantia and Vicia can be identified with one another: 
a action of specific chemicals such as the nitrogen mustards 

action of ultraviolet radiation 

action of low ion density radiations in the absence of oxygen 


b 

C 

d action of low ion density radiations in the presence of oxygen 

e action of high ion density radiations—without distinction as to oxygen 


concentration. 

It may be said that per particle crossing the chromosome thread 
mechanism d is 2 to 3 times as effective as c, and e some 50 times as 
effective as d if experiments with widely different ion density particles 
are compared. 

BAKER and Scourakis” observed a 40 to 70 per cent reduction of 
sex-linked lethal mutations in Drosophila when male flies were irradiated 
in an atmosphere of nitrogen instead of air. The mutation rate showed 
a negative temperature coefficient in oxygen, which was not observed 
in nitrogen. The greater effect in the cold was thought possibly to be 
due to the greater concentration of oxygen in the tissues at the low 
temperature. Since these mutations are not a homogeneous group but 
comprise both point mutations at a single locus and chromosome 
aberrations (minute deletions and possibly inversions) involving two 
breaks, it is not as yet possible to say whether the yield of point mu- 
tations or chromosome breaks or both depends on the oxygen tension. 
It would be of very great interest to know whether true point mutations 
are oxygen-sensitive. The inactivation of bacteriophage particles by 
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x-radiation, which is believed to be a similar radiobiological pheno- 
menon to the production of point mutations, in the sense that both may 
arise as a result of the formation of a single ionization within the biolo- 
gical unit, has been shown by Hewirt and REAp® not to be influenced 
by oxygen concentration provided irradiation is carried out in the 
presence of broth, so as to eliminate indirect effects resulting from the 
irradiation of the surrounding medium. 


Chromosome sensitivity as a function of the developmental stage of the cell at the 
time of irradiation 

Just as cells show wide variations in sensitivity in the course of their 
development as judged by gross damage or viability, so the chromo- 
somes in particular show very rapid variations in their sensitivity to 
breakage by x-radiation as the cell develops. Three comparatively 
recent demonstrations of this may be mentioned. BisHop™ observed a 
10 : I variation in the sensitivity of Tradescantia pollen chromosomes as 
between metaphase of the pollen grain division, and interphase between 
the pollen grain and pollen tube division. SPARROow® found that in 
pollen mother cells of Trillium erectum 50 times as many breaks were 
produced at diplotene of meiosis as at interphase preceding mitosis. 
BozEMAN and Metz® observed no rearrangements recoverable in the 
salivary gland chromosomes of larvae of Sctara when oocytes were 
irradiated before breakdown of the nuclear membrane, but a high pro- 


portion of rearrangements when cells were irradiated at mid anaphase. 
Organisms characteristically show exceptional resistance to radiation 
damage when in a quiescent or dormant state. Seeds are a well known 


and outstanding example. 

QuaASTLER and BaEr®, who review the earlier literature, have ex- 
amined the effect of doses of x-radiation up to 5 10’ erg/gm on seeds 
of the monk bean (Phaseolus aureus). After exposure to doses as high as 
3°5 x 10’ erg/gm seeds germinated and formed a root, though this 
was sickly, without root hairs, and decayed within a few days. Lower 
doses produced morphologically distinct types of abnormality. Thus, 
following exposures between 8 x 10° and 3 10’ erg/gm, the primary 
root emerges normally and grows at normal speed at first but stops 
short of its full length, side roots fail to develop and often the leaves 
cannot unfold; if the exposures are kept below 8 x 10° erg/gm—still 
a large dose—normal plants are produced which are capable of bearing 
fruit. These authors find evidence of distinctive patterns of injury and 
growth inhibition associated with definite ranges of dose and draw the 
conclusion that these reflect the vulnerability within the embryo of a 
hierarchy of growth mechanisms. The appearance of side roots after a 
dose of 8 x 10° erg/gm is noteworthy as demonstrating the remarkable 
fact that cells exposed to this very high dose in the dormant state may 
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proceed later into a normal condition of proliferation. Thus, while 
decreasing susceptibility to radiation damage usually follows the aging 
process in cells of generative tissues, it is clear that a cell may also pass 
from a less sensitive to a more sensitive condition. The chromosomes of 
cells in ‘dormant’ tissues, which can withstand large doses of radiation 
without gross injury, are themselves found to be insensitive. This was 
shown, for example, by Sax”, who found that in order to produce 
chromosome damage in a comparable proportion of cells examined in 
the early divisions of root tips of onions the doses which had to be 
given to the growing root, the bulb, and the seed were in the ratio of 
around 1 :8: 8o. Itis ofinterest, therefore, that chromosomes of dormant 
tissues exposed to x-radiation show much the same dependence on 
oxygen concentration as proliferating tissue. This has been demon- 
strated in barley seeds in an interesting series of investigations by 
HaypDEN and Smirn'”. The chromosome damage seen in the root tips 
of seedlings derived from seeds which had been irradiated in air was 
estimated to be nearly five times as great as when the seeds were irra- 
diated in vacuo. A difference, slightly more than three times the standard 
deviation, was observed in the x-ray induced mutation rate in this 
material, which was in the ratio 1°6 : 1 in air and in vacuo. Whether or 
not these mutations are associated with chromosome structural damage 


is not known. 


Some observations by Smiru, Svinta and Parr®” are sufficiently 
striking to deserve mention at this point. These authors observed 
that the life span of the bat is only shortened after whole body x-ray 


exposure when the dose level is carried to between 1°5 « 10°and6 x 10° 


erg/gm, whereas the LD50 of the mouse is some 50 times smaller, 
namely around 5  10* erg/gm. Since the LDSO0 of all other mammals 
so far examined falls within a fourfold range, and the LDSO of the frog 
is only around 2 10° erg/gm, it seems unlikely that these figures 
merely reflect a species difference and more probable that we have 
here an interesting case of mammalian tissue becoming insensitive for 
some reason as yet undetermined. The bats (Myotes lucifugus) were 
collected in the U.S.A. in late autumn and winter, refused food, and 
were kept in the refrigerator awaiting observation, but were not 
hibernating at the time of irradiation*. Microscopic observations 
were made of the vascular beds in the wing of the intact living bat. 
Until doses of 10° to 6 10° erg/gm were reached no peripheral 
vascular changes were seen. The blood appeared more viscous than 
normal but consistent changes in blood vessel diameter and blood flow 
were not observed nor were there any indications of haemorrhage. 
These findings appear to merit much fuller investigation. 


* The bats were kept at 23°C for one day before irridation, and thereafter. The animals drank but refused food 
and starved. The experiment therefore cannot be compared directly with those made on other mammals, 
Personal communication from Dr. L. MARINELLI. 
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Influence of physical agents on chromosome structural damage 

Physical as well as chemical agents are capable of modifying the 
chromosome structural damage induced by ionizing radiation in 
Tradescantia pollen and in Drosophila sperm. SwAnson™! observed that 
treatment of Tradescantia pollen tubes by ultraviolet light at dose levels 
sufficiently high to produce a few simple breaks—but no isochromatid 
breaks, in which both threads are broken at the same locus, or ex- 
changes—markedly decreases the number of aberrations of all kinds 
produced by x-radiation given one hour later. The dose of ultraviolet 
radiation necessary to reduce the aberration frequency induced by 
x-radiation was very large indeed both to the material of the chromo- 
somes and to the rest of the cell. Ultraviolet radiation given after the 
x-radiation also decreased the number of simple breaks and the number 
of interchanges seen at metaphase but not the number of isochromatid 
breaks. The influence of the ultraviolet radiation fell rapidly as the 
interval between the x-ray and ultraviolet exposures was prolonged, 
and the subsequent treatment was presumed to have affected the ability 
of broken chromatids to rejoin. SwANson and HOLLAENDER™ have also 
carried out experiments in which the pollen within the inflorescences 
was treated by infra-red radiation (10* A; Ay = 1°2 ev) either before 
or after x-ray treatment. Since the microspores take a considerable 
part of a day to develop from prophase to metaphase, long time 
intervals between the irradiations can be studied. ‘The results followed 
the pattern of the previous work with ultraviolet radiation. In the 
infra-red experiments also there was a very large total absorption of 
energy by the cell, but adequate precautions were taken to prevent a 
rise in temperature and any temporary effect on metabolism would 
be expected to have a negligible effect when the two treatments were 
separated by eighteen hours. It was found that both pre-treatment up 
to eighteen hours before the x-ray treatment, or treatment during 
seven hours following x-irradiation increased the number of simple 
breaks and exchanges but did not alter the number of isochromatid 
breaks. Since the pre-treatment could be effective when given as much 
as eighteen hours before the x-radiation, the changes induced must 
have been of a relatively permanent nature. It is of interest that the 
result of exposing proteins at their isoelectric point to ultraviolet and 
ionizing radiation is not in general to cause flocculation at the time of 
irradiation, but to induce a latent change which has to be developed. 
For example, CLARK*! observed that when a salt-free albumen solution 
was exposed to a certain dose of ultraviolet radiation, either at 4° C or 
at 14° C, no change was observed, but if the solution was kept for thirty 
minutes at 40° Ca strong Tyndall cone developed, indicative of floccu- 
lation. The development of flocculation proceeded much more slowly 
at lower temperatures, the speed at 30° C being only about one tenth of 
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that at 40° C. Thus the primary act has no temperature coefficient but 
the developmental process a large temperature coefficient. Moreover, 
as a result of a given ultraviolet exposure, a solution which has received 
previous heat treatment gives a larger final amount of flocculation 
than one which has not been previously heat treated. Corresponding 
information for different types of ionizing radiation is much to be 
desired since it appears to bear closely on the Tradescantia experiments 
referred to above. KAUFMANN, who initiated studies of this kind, has, 
with his collaborators, examined the effects of pre-treatment and post- 
treatment on Drosophila sperm by infra-red radiation. The radiation 
itself does not induce breaks or gene mutations. It is found (KAUFMANN 
and Gay’) that pre-treatment is without influence on the frequency 
of recessive sex-linked lethal mutations induced by x-radiation, nor 
does it appear to affect the number of single break type of dominant 
lethal mutations, but significantly increases the frequency of viable 
aberrations seen as chromosomal rearrangements. Post-treatment with 
infra-red radiation (KAUFMANN and Wirson!) was without effect. It 
was concluded that in Drosophila the action of infra-red radiation in 
increasing the aberration frequency was restricted to control of processes 
involved in formation of rearrangements (KAUFMANN!®), KAUFMANN, 
Gay and RoruBerc'™ have recently added the further interesting ob- 
servation that chromosome rearrangements, as determined by genetical 
tests for translocation between the second and third chromosomes, are 


induced by nitrogen mustard treatment, and behave in all respects like 
the x-ray rearrangements in that pre-treatment with infra-red increases 
the yield by about 50 per cent and post-treatment is without effect. 


RADIATION DAMAGE IN PROTOZOA, YEASTS, FUNGI, 
BACTERIA AND VIRUSES 

Protozoa 

Extremely interesting new light has been shed on radiation damage in 
protozoa by the investigations of KIMBALL, Powers and others. Protozoa, 
and Paramecium in particular, are notoriously resistant to ionizing 
radiation. In a particular stock not only did 50 per cent of the organisms 
survive 6°5 x 10’ erg/gm, but the survivors continued to divide, one 
division succeeding another after only twice the normal interval!”. If, 
however, irradiated organisms which may have divided several times 
vegetatively are made to pass through a process of autogamy they 
immediately begin to show much reduced viability. Kimpa.u'®, for 
example, finds that 85 per cent of the organisms exposed to 10° erg/gm 
before autogamy show reduced viability after autogomy, and death of 
some of the descendents occurred when the original dose was only 
10° erg/gm. At autogamy, animals are obtained which would be 
homozygous for any mutation produced by the previous irradiation, 
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and it is thought likely that this has much to do with the manifestation 
of injury not previously apparent. The situation is an unusual one and 
the relations between gene mutation and phenotypic expression are 
complex in this organism (SONNEBORN’”) but this line of investigation 
promises to be of great interest, particularly as techniques are available 
for the demonstration of cytoplasmic, as well as nuclear, inheritance 
in this material. Powers and Raper!!® found that the change in 
viability manifested after autogamy in animals exposed to nitrogen 
mustard closely parallels that after exposure to x-radiation. 

These results are the more interesting since ‘mutation’ estimated by 
reduced viability after autogamy, when induced by ultraviolet radi- 
ation, is among the effects which may be reversed by exposure to 
visible light (cf p 251). 


Yeasts, fungi, bacteria and viruses 

1 Induction of mutation—Recent years have witnessed a great extension 
in our knowledge of the genetics of micro-organisms (TATUM and 
Perkins'!'), From the standpoint of radiobiology it is of interest that 
mutation may be induced in bacteria and fungi by ultraviolet and all 
types of ionizing radiations, and by a variety of chemicals, pre-eminently 
by the sulphur and nitrogen mustards!'?, but also by diazomethane!®, 
by culture medium which has been exposed to ultraviolet radiation or 
treated with hydrogen peroxide!'*"''® and by formaldehyde together 


with hydrogen peroxide, and organic peroxides''’, Mutations in bac- 
teria have also recently been reported to have been produced by certain 
carcinogens—but not by non-carcinogens of closely related chemical 
structure (LATARJET, Exvras and Buu-Hor'!’)—and by photodynamic 
action of visible light acting on Bacillus prodigiosum sensitized by the 


vital dye erythrosin (KAPLAN'!), 

The bacterial characters by which new strains induced by the action 
of these agents have been recognized have been, in the main, resistance 
to bacteriophage and to antibiotics, and altered nutritional require- 
ments affecting either a loss or gain of the ability to synthesize specific 
chemicals. The study of such biochemical mutants in bacteria and 
fungi has led to a rapid increase in our knowledge of biological synthe- 
sis, and to the belief that the production of each enzyme which catalyses 
specific steps is under genetic control, and generally is controlled by a 
single gene. 

Strains resistant to antibiotics may be isolated from normal popu- 
lations grown in the presence of the antibiotic. In principle the new 
strain may either have resulted from the selection of naturally occurring 
mutants, or from a process in which the metabolism of the bacillus 
becomes gradually adapted to permit growth in the presence of the 
antibiotic. Evidence can be brought forward for the operation of both 
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mechanisms. Statistical tests!°!7! appear to have established that in 
certain cases the new strains arise by the selection of spontaneous 
mutants. The simple fact that mutant strains may be isolated in this 
way does not make it necessary to postulate a mutagenic action of the 
antibiotic but such action is not excluded and has been postulated!”, 
Ionizing radiations are mutagenic, but in the special case of mutation 
to radiation resistance, radiation may act selectively rather than as a 
mutagenic agent. Thus many radiation resistant strains B/r of B. coli 
were originally obtained from the wild B strain by Wirxkrn’™ by the 
purely selective action of ultraviolet radiation, but she went on to show 
that this particular mutation could also be induced by ultraviolet 
radiation. 

There have been important advances in bacterial cytology, and 
certain details of the nuclear structure of bacteria have now been 
established. In one instance, namely in the A-12 strain of B. coli, a 
wild type strain may be recovered by growing together strains in 
which different pairs of biochemical mutations had previously been 
induced, indicating that sexual fusion may occur between bacteria and 
that some mechanism exists for the recombination of mutant charac- 
ters. It is believed that there is probably an actual exchange of heredi- 
tary material such as occurs through the crossing over of segments of 
chromosomes from male and female parents at meiosis in higher plants 
and animals. Nevertheless, it is in general difficult to decide whether a 
new bacterial strain resulting from chemical treatment has arisen as a 
result of a mutation, whether the change is nuclear or cytoplasmic and, 
if nuclear, whether a gene or chromosomal change is involved. In back 
mutations it is necessary to distinguish between a true reversal of the 
physicochemical change in the gene which constituted the original 
mutation, and an apparent reversal which is really the result of a 
separate mutation having the effect of suppressing the phenotypic 
expression of the original mutation. Furthermore, the effect of a mu- 
tation induced in a bacillus either by radiation or chemical treatment, 
is only phenotypically expressed in a small proportion of the cells 
which are actually treated; in the majority it is fully expressed only 
after the bacillus has pe assed through several divisions. Strictly we may 
only speak of bacterial mutation with such reservations in mind. 

With certain fungi such as Neurospora, the existence of a sexual cycle 
makes it technically possible to decide unambiguously whether a new 
strain has arisen as a result of a single point mutation. 

Viruses fall into natural groups on the basis of their physical, 
chemical, pathological and immunological characters, and it is con- 
sidered by some authors that the naturally occurring groups as well as 
modified laboratory strains arise through genetic variation and 
selection (Gorpon"™), 
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The smaller viruses at least are composed almost entirely of nucleo- 
protein, and are in this respect closely allied chemically to the chromatin 
of higher organisms. It is remarkable therefore that until the recent 
report by Lararyer’™® that B. coli bacteriophage T, may be induced to 
undergo mutation as a result of exposure to ultraviolet radiation, the 
only claim to have produced a viral mutation by ultraviolet or ionizing 
radiation was that by GoweEn'**, GoweEN reported having observed 
forward and reverse mutations between wild type and aucuba strains 
of tobacco mosaic virus, but this has not been independently corrobo- 
rated during the intervening nine years. After chemical treatment!?’ 
in which -SH groups are oxidized, or up to 70 per cent of the free 
amino groups are ac etylated or combined with phenyl isocyanate, a 
plant virus retains its reproductive powers but the newly formed virus 
material has the original unmodified chemical composition. The small 
viruses are almost always inactivated if an ionization is formed any- 
where within the virus particle (Lea, ref 75, Chap. 4, p 100). It may 
be therefore that in effect almost every viral mutation induced by 
ionizing radiation in such particles is a lethal mutation. The greater 
part of the larger animal viruses, on the other hand, may be ionized 
without loss of infectivity, but in such cases e.g. Vaccinia (LEA and 
SALAMAN!’) it has been suggested that the genetic material only consti- 
tutes a small fraction of the volume of the particle and that it is this 
fraction which must be ionized to cause inactivation. 

In LATARJET’s experiments an increase of up to tenfold in the yield 
of the mutant strain T, above that resulting from spontaneous mu- 
tation was only obtained when the T, phage was irradiated inside the 
bacillus, and more than seven minutes after absorption, at which time 
the phage no longer behaves as regards inactivation as a single particle. 
New phage is in process of formation but most probably not by simple 
repeated duplication of the phage particle as a single unit (LuRIA and 
Dutsecco”’), At present, therefore, LATARJET’s experiments do not 
distinguish between a deviation from the normal course of synthesis 
and a physicochemical change induced in an existing entity. 


2 Inactivation 

Yeasts. LATARJET”, and more recently LATrAryeT and Epurussi'*? have 
made an important contribution to the radiobiology of yeasts by 
demonstrating that whereas in normal diploid yeasts the mortality 
curve with both x- and «-radiation is slightly sigmoid and agrees with 
a Poisson curve for n = 2, corresponding to the inactivation of two 
centres by different ionizing particles, haploid yeasts show a strictly 
exponential inactivation. In conformity with the dose relation, the 
behaviour of the injured yeast cells is characteristically different in the 
two cases. The haploid cells either stop after one cell division, or go on 
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to produce normal clones. The diploids which fail to produce clones 
of normal size nevertheless often pass through many cell divisions before 
development ceases. Tosras and Z1rKLE"! have carried these experi- 
ments further by the use of particles of widely varying ion density 
derived from the Berkeley 184 inch (4°7 m) cyclotron and suggest an 
interpretation in terms of multiple pairs of targets in the diploid 
organism. 

Fungi. STAPLETON and Martin!” found that the efficiency of y-rays, 
X-rays, neutrons and «-particles decreases in this order as regards the 
number of mutations produced per unit dose in Aspergillus terreus. 
Numerical values are not given in the abstract, but qualitatively this 
accords with expectation (LEA”) for an effect which may be brought 
about by the deposition of a single ion cluster in any volume larger 
than about 1 mu. The lethal efficiencies of the two radiations on the 
same organism were, however, found to be in the reverse order 1.¢. it 
was the same as the order for chromosome structural damage and 
lethal effects generally in higher organisms. Arwoop'? has concluded 
that when multinucleate Neurospora conidia are exposed to large doses 
of ultraviolet radiation many conidia are killed by some mechanism 
other than a lethal gene mutation. 

Bacteria. A great many experiments were made in the decade centred 
on 1935 in which the object was to determine the survival curve of 
bacteria exposed to ultraviolet radiation, x-radiation and other ionizing 
radiations. Most of these results will be found conveniently collected 
together and presented graphically in Das Trefferprinzip in der Biologie 
by TimorfEFF-Ressovsky and Zimmer'**, These authors, as the title 
indicates, have attempted a thorough-going analysis of the phenomena 
under discussion in terms of ‘target theory’ concepts. Many references 
and data will also be found in LEa’s book’. LEA was mainly interested 
in ionizing radiation. The exponential dose survival relationship 
universally found with bacteria exposed to ionizing radiations (pro- 
vided ‘clumping’ and other technical artefacts are avoided), and the 
independence of intensity, indicate that the primary injury is of the 
type we have called monotopic. The efficiency of different ionizing 
radiations is found to decrease with increasing ion density for vegetative 
bacteria, as with virus inactivation, and LEA made the guess that the 
primary damage was of the nature of a lethal gene mutation. 

Lea discussed the inactivation of bacteria by ultraviolet radiation 
briefly and concluded that here also the evidence points to the pro- 
duction of a lethal gene mutation. It now seems almost certain that the 
sequence of physicochemical changes leading to inactivation are not 
the same with ultraviolet and ionizing radiations. In the first place, 
many authors do not find a logarithmic dose survival relation among 
organisms exposed to ultraviolet radiation, and more conclusively 
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ultraviolet inactivation is in part reversible by visible light (¢f p 251) 
while x-ray inactivation is not. It may well be, however, that a ae hal 
mutation is involved in both cases. The proportional photoreactivation 
of mutation induction and of ultraviolet inactivation (p 251), if con- 
firmed, would lend support to this view. 
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Figure 7. Inactivation of B. coli by radiation. The curves relate to the 
wild type B, and the radiation resistant B/r strains. Ordinates: fraction 
of organisms able to form colonies after exposure. Abscissae: radiation 
dose; x-ray energy absorbed in erg/gm and ultraviolet energy incident in 
erg/mm?, 
The break in the B strain curves is thought not to be due to B/r organisms 
present initially. [WirKin Genetics 32 (1947) 221] 


Though the inactivation of Bacillus mesentericus in spore form is 
exponentially related to the dose and independent of intensity when 
exposed to either x- or «-radiation, and is also independent of the 
temperature at which the organism is irradiated over the range + 50° C 
to— 20°C, itshows a reverse dependence upon ion density as compared 
with all vegetative bacteria so far examined, «-radiation bei ing more ef- 
fective than the less densely ionizing eiadiations' 34a,0 This difference has 
not yet been explained, and might prove worthy of further investigation 
in the light of development in our knowledge of bacterial morphology. 

The experiments of Wirkin'® referred to above with the B and B/r 
strains of B. coli show that the dose survival relations (Figure 7) may be 
entirely different in two closely related strains of the same bacillus, 
believed to differ only by the mutation of a single gene. The strains of 
B /r were originally obtained as the survivors when a naturally occurring 
mixed population of B and B/r organisms was heavily irradiated. They 
are not homogeneous, since when tested against penicillin and sul- 
phathiazole they fall into four groups which showed, as compared 
with the wild type B strain, greater resistance to one or the other, to 
both or to neither of the antibiotics. Penicillin and sulphathiazole 
resistant strains may also be obtained by incubating either B or B/r 
with the antibiotic. ‘Those obtained from B/r are always more resistant 
than those obatined from B, so that the mutation to radiation resistance 
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apparently also modifies antibiotic resistance. All four groups of B/r 
show the same greatly enhanced resistance both to ultraviolet and x- 
radiation as compared with the corresponding group obtained from the 
B strain. Bryson! went on to show, not only that B/r bacteria had 
also a much greater resistance than B to nitrogen mustard, but that as 
a result of the incubation of the B strain with nitrogen mustard, a 
strain could be obtained—presumably by selection—which had a 
resistance to radiation identical with B/r. Thus one and the same 
mutation appears to be effective in enhancing resistance to both radi- 
ation and nitrogen mustard. 

If inactivation results from a point mutation which renders the 
organism inviable, then it must suffice to produce such a mutation at 
any one of a large number of loci, as postulated by LEA”, since 
inactivation may be brought about by a dose which is at least 10* times 
smaller than that which has a reasonable probability of producing a 
mutation at any one locus. In higher plants e.g. maize, genes are known 
which control in some degree the mutability at many other loci. That 
this is most unlikely to be the explanation of the increased resistance 
of B/r, however, appears from the experiments of DEMEREC and 
Latarjet’*®, who showed that there is no measurable difference 


5 


between the strains B and B/r as regards the dose either of ultraviolet 
or x-radiation needed to induce mutation to resistance to the bacterio- 
phage T,. Bryson also produced strains of B/r resistant to bacteriophage 


T, by nitrogen mustard treatment. The nitrogen mustard was so toxic 
to the B strain that mutation to phage resistance could not be es- 
tablished with certainty and therefore the mutability of the two strains 
under the influence of nitrogen mustard could not be compared. It 
would be very valuable to have similar evidence for some other mu- 
tation, but clearly it is not a general property of the strain B/r that its 
genes are less mutable than those of B. 

The inactivation of both B and B/r by x-radiation is exponential, but 
with ultraviolet light this is not the case. While B is inactivated ex- 
ponentially, the curve for B/r is very strongly sigmoid (Figure 7). ‘This 
difference would appear to rule out the possibility that the greater 
resistance of B/r merely reflects the fact that in this strain a smaller 
number of mutant genes are lethal in their effect and would seem to 
point to a difference in the mechanism by which the primary injury is 
brought about. The assumption that inactivation stems primarily from 
fragmentation of chromosomes, which are more readily broken in the 
B than in the B/r strains, does not appear to be at variance with any of 
the facts so far presented. 

In this connection the differences between the nucleic acid meta- 
bolism of B and B/r are of interest. CARTER and Morse'*’ found that 
during the lag phase the ribonucleic acid content of the bacillus 
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increases some tenfold in both strains, and the desoxyribonucleic acid 
and protein content are roughly doubled. The desoxyribonucleic acid 
content of the B/r cells, however, at the end of the lag phase is reported 
as being nearly 4 times as great as in the cells of the B strain, though 
it rapidly falls as division proceeds. Moderate doses of ultraviolet 
radiation do not effect these syntheses in the B/r strain, but a dose 
sufficient to reduce the proportion of viable cells to 1 per cent delays 
all synthesis for a period equal to the normal lag phase, after which the 
RNA acid content of the cells rises to its normal level, but the DNA 
acid and protein content only reach somewhat less than normal levels. 
The difference in DNA acid synthesis between B and B/r may also 
have some bearing on the fact that B/r is more resistant to the inhibition 
of division both by antibiotics and by radiation. Instead of clones, long 
multinucleate filamentous bacteria are produced. Indeed, Wirxin'? 
suggests that the difference between survival and death is determined 
by the ability of the cell to recover from this inhibition of division. 
Space only permits reference to one other aspect of the radiation 
inactivation of B. coli, namely, that brought out by the recent experi- 
ments of HOLLAENDER, STAPLETON and Martin”. These are of special 
interest for the new light they throw on the dependence of radiation 
damage on the physiological condition of the cell, as well as the 
concentration of dissolved oxygen, at the time of irradiation. Some of 
these results are conveniently summarized in Figures 8a and 8b taken 
from their paper. The B. coli used in these experiments were in general 
washed free of nutrient and irradiated in phosphate buffer at 2° C. 
Prior irradiation of the buffer was without effect, but a dependence of 
the degree of inactivation on the bacterial concentration, indicating 
the presence of an indirect effect, became pronounced when there 
were 10’ cells per millilitre or less in suspension at the time of irradi- 
ation. It is presumed that the main investigations were carried out 
with much higher concentrations of bacteria at which the indirect 
effect would become negligible. Figure 8a shows that whether the 
bacteria have been cultured in the usual broth medium, or anaerobi- 
cally on medium to which glucose had been added, the effect ofremoval 
of oxygen at the time of irradiation was always to reduce the effective- 
ness of a given dose of radiation by a constant factor of about three. 
There was, however, an enormous difference in absolute sensitivity as 
well as a difference in the shape of the survival curve between the cells 
cultured under the two different conditions. Figure 8b shows the effect 
of aerobic and anaerobic culture conditions with and without glucose 
added, when, in all cases, the phosphate buffer solution was aerated 
at the time of irradiation. The results show not only that sensitivity to 
x-radiation is dependent on oxygen concentration at the time of 
irradiation in a manner similar to that now demonstrated in many 
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other organisms and tissues, but also an effect which the authors 
describe as an influence of the state of oxidation and reduction within 
the cell at the time of irradiation. The effects of absence of oxygen and 
the presence of glucose could be considered additive. 
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Figure 8. Influence of conditions of culture and of oxygen tension at 
time of irradiation on x-ray sensitivity of B. coli. a Comparative sensitivity 
of aerobic and anaerobic cells irradiated in high and low oxygen tensions. 
Curve B: aerobic broth cells irradiated in oxygen-saturated buffer; B': 
aerobic broth cells irradiated in nitrogen-saturated buffer; GB: anaerobic 
glucose cells irradiated in oxygen-satured buffer; GB': anaerobic glucose 
cells irradiated in nitrogen-saturated buffer. b Effect of cultural conditions 
on X-ray sensitivity, all cells irradiated in oxygen-saturated buffer. Curve 
A: aerobic broth cells; B: anaerobic broth cells; C: aerobic glucose cells; 
D: anaerobic glucose cells. 
[HoLLAENDER, STAPLETON and Martin Nature, Lond. 167 (1951) 103] 


It was observed that the organisms were somewhat less sensitive if 
irradiated in broth. Several amino acids were tried and showed some 
protective effect, the most pronounced effect being obtained with 
cysteine, in agreement with results obtained with other tissues. 

In the extreme, as between the irradiation of organisms cultured 
normally in the presence of oxygen and those cultured anaerobically 
with glucose and irradiated in an atmosphere of nitrogen, the difference 
in survival after a given dose could amount to a factor of 10°. Appar- 
ently, as in GILEs’ studies of chromosome breakage and Reap’s studies 
of root growth in Vicia, the displacement of air in the solution by 
hydrogen produced results no different from the displacement of the 
air by nitrogen or other inert gases. 

“HOLLAENDER (CIBA Conference) reports more recent work in which BAL has been found to be more effec- 


tive without cysteine. Bacteria are also strongly protected against X-radiation bij dithionite (Na,S,O,4) and by 
previous treatment with alcohols.’ 
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Summing up, it is clear that in very dilute aqueous suspensions, 
some inactivation arises from the irradiation of the medium; further 
that in the absence of such an indirect effect, anaerobiosis at the time 
of irradiation reduces sensitivity = a factor of about three—an effect 
almost certainly radiochemical in origin; finally that resistance to 
radiation damage may be senrolioent very greatly by changes in the 
culture conditions. Here, it is not clear whether the primary radiation 
damage itself or the ability of the organism to survive damage has been 
altered. 


BIOCHEMICAL APPROACH TO AN UNDERSTANDING OF 

RADIOBIOLOGICAL DAMAGE 
From time to time, attention has been directed to the possibility of 
obtaining some insight into the biochemical mechanism of radiation 
damage. Of the several lines of approach which have been explored, 
studies of overall tissue metabolism, such as respiration and glycolysis, 
have not so far given any clear indication of primary damage to the 
enzyme systems concerned at dose levels of up to 10° erg/gm. Between 
1932 and 1939 CRABTREE?” and Hotmes”° made a number of very 
careful investigations of the metabolism of normal and malignant 
tissues which had been irradiated in vitro either as tissue slices or as a 
brei. Reference to earlier papers by each author will be found in the 
papers cited. 

The dose rate at the tissues due to the mixed @- and y-radiation 
from each of the 58 mg radium applicators used by CRABTREE was 
probably* around 2 x 10° erg/gm/hr. 

In general, exposures of at least 4 hr at the lower dose rate or 1 hr 
at the higher dose rate, were needed to produce marked disturbances 
in metabolism. One interesting fact revealed by these experiments was 
the important influence of the temperature of the tissue at the time of 
irradiation. CRABTREE found that respiratory activity of tissue main- 
tained and irradiated at room or body temperature be ‘can to decline 
relative to controls after 4 hr exposure. This he regarded as the acceler- 


ation of a normal process of decay. Glycolytic and glyoxalase activity 
were both much better maintained in the controls, and were unaffected 
by this radiation exposure (2 10° erg/gm). On the other hand, at the 


end of a 4 hr exposure near 0° C respiration of both normal and malig- 
nant tumours was unimpaired, but aerobic and anaerobic glycolysis of 
tumour tissue (Jensen’s rat sarcoma) showed a sharp decline which 
increased with the dose. It did not, however, reach zero, suggesting 
that two glycolytic mechanisms were involved, one of which was 
* Measurements by the writer indicate that the dose rate 0, 1, 2 and 3 mm from each applicator (the intervening 


space being filled by water or. other unit density material) was around 2°7, 1°5, 1°0 and 0°7, « 105 erg/gm/hr 
respectively. 
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responsible for 85 per cent of activity, and was half inactivated by 
2°5 x 10° erg/gm and a residual 15 per cent which was essentially 
unaffected by 5 x 10° erg/gm. The glyoxalase system also appeared to 
be unaffected by large doses. Houmes observed that 6 10° erg/gm 
of x-radiation delivered near 0° C to a brei of the Crocker tumour was 
sufficient to inhibit the breakdown of glucose by the tissue, but had no 
effect on the formation of lactic acid from hexose-diphosphate, hexose- 
monophosphate or glucose-1-phosphate. She also found that while x- 
radiation brought about a decrease in the activity of the lactic dehydro- 
glucose system of young embryo brains, the activity could be restored 
by subsequent addition of coenzyme I. 

Retinal tissue is distinguished from most normal tissues, and re- 
sembles tumour tissue in showing an exceptionally high aerobic and 
anaerobic glycolysis. In its response to irradiation at temperatures near 
o° C rats’ retinae is outstanding in that glycolysis may be partially 
inhibited by doses as low as 2 10° erg/gm. Increasing the dose to 
10° erg/gm, however, does not depress glycolysis below 40 per cent of 
the control, and the glyoxalase system is unimpaired by exposure to 
2 < 10° erg/gm. 

Metabolic measurements made by CraBrree?” on tumour tissue 
as well as on testis and other normal tissues excised after irradiation 
in vivo were less clear-out. More recently organs and tissues excised 
from animals exposed to whole body radiation have given very con- 
flicting results—possibly because, as we now see, response to whole 
body irradiation is a very complex matter. HENNEssy and Hurr'!* 
appear to have established that whole body exposure to as little as 500 
to 1,000 erg/gm significantly reduces the amount of radioactive iron 
found in the circulating red cells over a period of several days, if the 
iron is administered 24 hours after irradiation. This result, however, 
probably follows from an effect of radiation in temporarily inhibiting 
maturation of the more primitive bone marrow cells into which the 
iron is incorporated, rather than to an interference with the chemical 
steps leading to the incorporation of the iron into haemoglobin. 

In tissues not subject to complicated interaction mechanisms, meta- 
bolism is generally found to fall during a period of days after moderate 
doses of radiation, but the decline in metabolism does not in general 
set in earlier than can be ascribed to a declining population of healthy 
cells (see ¢.g. experiments with Vicia meristems'’), It seems certain 
from indirect evidence that at least the basic energy supplying enzyme 
systems of non-dividing cells are not damaged beyond repair by huge 
doses of radiation. Thus, transport of nutrient down the root of Vicia 
faba is at most only temporarily inhibited by 10’ erg/gm. Protoplasmic 
streaming is not immediately stopped in either diploid or tetraploid 
Tradescantia pollen tubes by doses of less than 2 x 107 erg/gm, or in 
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stamen hairs by less than 7 x 10’ erg/gm'*, Likewise, it may presumably 
be inferred that the basic enzyme systems of proliferating cells of 
animals and plants are not completely destroyed by doses of the order 
of 107 erg/gm, since as is well known, doses of this order are needed to 
kill these cells immediately when cultured in vitro (chick embryo fibro- 
blasts, cf SPEAR’, and tobacco callous'*'!). Barron ' reports that the 
respiration of amoeba remains constant for 3 to 4 hours after doses as 
high as 107 erg/gm of x-radiation. SHERMAN and CuHase!* found no 
inhibition of anaerobic glycolysis in yeast within the first hour after 
exposure to 10’ erg/gm of x-radiation. From two hours onwards a 
small decline in glycolysis set in, which, however, was more pronounced 
the smaller the number of organisms per millilitre at the time of irradi- 
ation, and is therefore to be ascribed to a toxic action of the irradiated 
medium, which may be related to that whereby sea-water exposed to 
caine doses of radiation lowers the fertility** and depresses the 
respiration® of sea-urchin sperm. 

By contrast with these negative results, many workers, using either 
cytochemical or tracer methods, have detected very significant changes 
in nucleic acid metabolism shortly after exposure to comparatively 
small doses of radiation. Disturbance in nucleic acid metabolism is so 
obviously involved in the various types of nuclear morphological 
damage induced by radiation (see e.g. DARLINGTON and La Cour®) 
that it is worth considering these results in some detail, even though it 
is sometimes difficult to separate the immediate effects of radiation 
from secondary disturbances. In a series of papers MircHeiy!' >, 
using mainly the method of ultraviolet photomicrography, demon- 
strated an increase of ultraviolet absorption of nucleotide type in the 
cytoplasm of tumour cells after therapeutic irradiation, and postulated 
an arrest of desoxyribonucleic acid synthesis. Von HrEvesy was a 
pioneer worker in this field and his review article on ‘The effect of 
R6éntgen Rays on Cellular Division’ describes results obtained up to 
1945, concerned with the incorporation of P* into nucleic acid. These 
results are discussed in relation to the problem of cell damage by radi- 
ation in a most stimulating manner. From a consideration of his own 
experiments, and those of MarsHAk and others, he has drawn the 
following conclusions: 

1 That incorporation of P® into desoxyribonucleic acid (DNA) is 
much depressed within the first one or two hours after exposure to doses 
of the order of 2 x 10° erg/gm in all the tissues examined. 

2 The reduced rate of uptake of P* sets in very early after the be- 
ginning of irradiation. When rats were exposed continuously during 
two hours between P*® uptake and the sacrifice of the animals for 
DNA assay, the uptake was found to be only one tenth of that of control 
animals. Much less pronounced inhibitions were observed when the 
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injection of the P*? was delayed until after the end of irradiation. 

3 Comparing the livers of young and adult animals, he found that 
while the rate of incorporation of P?? into DNA was much more rapid 
in the former, the proportional reduction which resulted from exposure 
to radiation was not greatly different in the two cases. To meet the 
possible objection that the tracer experiments might have demon- 
strated that radiation hampers the rephosphorylation of the DNA 
molecule and not the formation or assembly of the constituents, VON 
HeveEsy studied the incorporation of C'* into the purines of DNA in the 
tissues of young rats during six hours after exposure to the same whole 
body dose of x-radiation. The reduction in C4 uptake was found to be 
commensurate with the reduction in P® uptake into the DNA mole- 
cules, thus establishing a real reduction in the rate of synthesis of the 
purines of DNA as a result of irradiation. In their earlier experiments, 
von EuLER and von Hevesy"™*'4# made the important observation that 
if a rat carried two growing inoculated tumours of Jensen’s rat sar- 
coma, one on each flank, one of which was irradiated, while the rest of 
the body, including the other tumour, was carefully shielded, the rate 
of incorporation of P*? into the shielded tumour as well as into the 
irradiated tumour was reduced immediately after irradiation. The 
accuracy of this observation has been confirmed by Hotes! who was 
careful to investigate the level of inorganic P* in the tissues and, in 
fact, found that quite fallacious estimates of P*? uptake into ribo- 
nucleic acid (RNA) and DNA could arise because the entry of P* into 
the cells was retarded when the animals struggled violently against 
their constraints. The reduced permeability of the cell membrane to 
phosphorus ions is believed to be mediated through the action of 
adenosine triphosphate which is liberated into the blood stream*. The 
use of nembutal anaesthesia also led to complications. By avoiding or 
allowing for these disturbances, a clearer picture is obtained than 
hitherto. Irradiation reduces the incorporation of P*? into both ribo- 
and desoxyribo-nucleoprotein in both screened and irradiated tumours. 
The RNA fraction was less affected than the DNA, and the results 
with RNA were more variable. CoLowick and Price!*’ have shown the 
existence of a reversible mechanism by which phosphorus can be taken 
up and later surrendered by RNA. Hotes points out that for this 
reason the tracer experiments with the ribonucleic acid fraction may 
indicate renewal rather than synthesis and the interpretation is corre- 
spondingly confused. In directly irradiated tumours, the incorporation 
of P?? into DNA, which may be taken to represent true synthesis, was 
reduced by an exposure of 2 10° erg/gm to about 25 per cent of that 
in control animals at one hour after irradiation. In the shielded 


* Personal communication from author. 
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tumours, it was reduced to about 50 per cent. Thereafter the rate of 
uptake returned to normal at a slightly faster rate in the irradiated 
than in the screened tumours and was normal in both five hours after 
irradiation. At five hours after irradiation a certain number of prophase 
and metaphase figures may be seen in the irradiated tumour but they 
are all abnormal. Thus DNA synthesis can proceed at a practically 
normal rate at a time when practically no normal mitotic figures are 
seen. It does not follow that completely normal DNA was being 
synthesized at this time. Moreover we do not yet know how long in 
advance the DNA is synthesized which appears in the prophase chro- 
mosomes in the normal cell. It is possible that DNA synthesis was in 
progress in the visibly abnormal cells at the time when they were 
irradiated. Cross-circulation experiments'* in which one partner was 
irradiated only revealed slight evidence of an effect of P** uptake in 
kidney tissue of the non-irradiated animals. For accounts of the most 
recent work, the Reports of the Oberlin Conference, the Paris Radio- 
biological Conference, the Sixth International Congress of Radio- 
logy and the CIBA Conference should be consulted. 

Protein synthesis has also been investigated by von HeEvesy'*? who 
studied the effect of 10° erg/gm of x-radiation on the incorporation of 
C"* into protein of different organs of young rats and of full grown mice 
when the C'* was introduced as CH,C“OONa. Many organs were 
investigated and a significant increase in the C'* content of the protein 
was always found eight hours after irradiation. It was pointed out, 
however, that since protein synthesis is slow, the total amount of C'* 
incorporated will be increased if the acetate is metabolized (to carbon 
dioxide and thus lost to the system) more slowly. Thus the observed 
result could arise indirectly on account of a general depression of 
metabolism by the x-ray treatment. In confirmation, it was subsequently 
shown (von Hevesy'®) that increased katabolism caused by violent 
muscular exercise decreased C’* incorporation into protein, and that 
decreased katabolism resulting from the administration of urethane had 
the reverse effect. Since whole body x-ray treatment certainly affects 
the general level of metabolism and katabolism, it is not possible, with- 
out further study, to say whether irradiation directly affects the syn- 
thetic chain which starts from acetate and ends as protein. Houmgs has 
investigated the incorporation of S* into the cytoplasmic and nuclear 
proteins of Jensen’s rat sarcoma!*'. Measurements were made one hour 
after exposure of the tumour to 2 x 10° erg/gm x-radiation. No differ- 
ences between the amounts of S* incorporated into protein fractions 
of the tumour tissue of irradiated and control animals were found. 
Since the S* was introduced as sulphide, it is possible that the observed 
incorporation was the result of catalysed exchange with the -SH 
groups of the protein and was therefore no real measure of synthesis. 
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APPLEYARD!™” made corresponding studies with Jensen’s rat sarcoma 
using the same conditions of irradiation and the same biochemical 
separation procedures, but assayed the concentration in the protein 
fractions of the stable isotope of nitrogen, N'°, introduced into the ani- 
mal in the form of glycine. Albumen, globulin and the protein from 
ribonucleoprotein showed no evidence at all that the incorporation of 
nitrogen into the protein molecules had been influenced during one and 
a half hours after irradiation. The protein from thymonucleoprotein 
consistently showed a lowered N" specific activity in the irradiated 
animals but the effect was slight. Such experiments are clearly of con- 
siderable technical difficulty. It is nevertheless most important that 
studies of materials other than nucleic acid should be pushed forward 
in order to avoid loss of perspective. 

Tracer studies of the kind described inevitably involve the study of 
the synthetic processes in hundreds of thousands of cells, which may 
not be uniform in type and are almost certainly not synchronized with 
regard to their stage of development in the mitotic cycle. We urgently 
need to be able to study biochemical synthesis in individual cells. The 
autoradiograph method of recording the concentration of radioactive 
substances in individual cells makes this possible, and it seems certain 
that big advances will follow upon the application of this method in 
conjunction with existing cytochemical methods. The chemical com- 
pound into which the radioactive atoms have been synthesized may be 
identified by the autoradiograph technique, within the limits ordinarily 
imposed by cytochemical procedures, by treating the tissues to remove 
other compounds before the autoré .diograph is prepared. Thus, acid 
hydrolysis may serve to locate nuclear DNA incorporating administered 
P22, though the specificity of the procedure needs to be checked by 
treatment of similar preparations with desoxyribonuclease. In this 
way, particular types of compound known to have been synthesized 
within a given time interval may be located in individual cells with an 
accuracy of about 2 u by means of techniques developed by Petc and 
his collaborators!*’"!*?, This method has already been used by Howarp 
and Pexc? to identify the period of DNA synthesis in the meristematic 
cells of Vicia roots. It is important that the method is applicable to 
other radioactive atoms, such as C and S* and may therefore be used 
for the study of many synthetic processes in individual cells. 


CHEMICAL EFFECTS OF IONIZING RADIATIONS 
Radiobiological thought at the present time is being profoundly influ- 
enced by the progress which has been made during the past twenty 
years in the study of reactions induced in aqueous solutions by ionizing 
radiations. In some important respects, such reactions follow a type of 
kinetics which is different from that generally encountered, and their 
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study has become a recognized branch of chemistry. Progress in this 
field has been reviewed at symposia and in annual reviews on a number 


of occasions during the past two years!**-’, In this section, we shall 
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Figure g. Yield of hydrogen 
peroxide when water, with or 
without dissolved oxygen is 
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226 (1948) 1363] 
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only attempt to present a summary of some of the results which seem 
sufficiently firmly established, and particularly relevant to radiobiology. 


Water 

Except where otherwise stated this summary of the experimental 
results obtained by irradiating pure water is based on the work of 
Bonet-Maury and Lerorr’?!*, 

1 No dissolved oxygen—a Pure water free from dissolved gases suffers 
no appreciable overall change when exposed to the low ion density 
radiations such as x- or y-radiation. 

b Pure water is, however, decomposed by «-radiation, a typical high 
ion density radiation, yielding hydrogen peroxide and hydrogen. The 
amount of hydrogen peroxide formed varies linearly with dose (Figure 
g) and the yield is 14/N ~ 0°3 molecules of hydrogen peroxide formed 
per ion pair.* 

In the liquid phase, the «-ray yield is the same at + 4° Gand + 20° C 
and in ice it is the same at — 4° Cand -— 1go0° C. The yield in the solid 
state, however, is 56 per cent of the yield in the liquid phase (Figure 1ob). 

c Protons behave, as would be expected, in a manner intermediate 
between «-radiation and x-radiation. Toutis'” has observed that pure 
water is decomposed by protons having energies of less than 7 Mev but 
not by protons of higher energy. It follows that neutrons and deuterons 


* This assumes a conventional energy dissipation per ion pair in water equal to the value in air, namely 33 ev 
for electron ionization and 35 ev for a-particles. The energy required to produce a pair of ions in liquid water 
has never yet been measured, It is, therefore, more precise to express the yield as molecules transformed per 
unit energy dissipated in the solution. 

The values of M/N quoted in the text are to be understood in the sense that, if M/N = 1, a dose of 106 
erg/gm of electron radiation transforms 32 micromols per litre, and the same dose of a-radiation transforms 
go micromols per litre. 
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of 14 Mev or higher, and «-particles having energies of 60 Mev and 
upwards are, as regards their effects on water, to be classed with x- 


radiation rather than with high ion density radiations. 
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Figure 10a and b. Effects of 
temperature and change of 
state on the yield of hydrogen 
peroxide resulting from the 
exposure of water saturated 
with oxygen to x-radiation and 
a-radiation. The results de- 
picted in Figure 10a were 
obtained in experiments in 
which the titanium sulphate 
employed as indicator for hy- 
drogen peroxide was present 
at the time of irradiation. 
Figure 10b represents obser- 
vations on pure water. | BoNET- 
Maury and Lerort C.R. Acad. 
Sci., Paris 226 (1948) 1445 and 
F. Chim. phys. 47 (1950) 624] ae ae oe ee 7 
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2 Dissolved oxygen present—a Pure water containing dissolved oxygen 
yields hydrogen peroxide when exposed to x- and y-radiation. With 
13 kv x-rays the yield varies with dose (Figure 11), pH (Figure 12), 
temperature (Figure 10a), dose rate (Figure 13) and oxygen tension 
(Figure 14). In normal aerated water at room temperature, pH 7, and 
dose rates around 1°6 x 10* erg/gm/sec the yield, which varies only 
slightly with dose at doses up to about 107 erg/gm, is around M/N ~ 
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o'2. According to Touts’, the yield of hydrogen peroxide does not 
depend on oxygen tension at the lowest doses, but as the dose is in- 
creased an equilibrium state is reached at which the concentration of 


Figure 11. X-Ray and a-ray 
yield of hydrogen peroxide as 
a function of dose at different 
initial concentrations of dis- 
solved oxygen. The figures 
against each curve indicate 
the concentration of dissolved 
oxygen in 2 mol litre. [LEFORT 


¥; Chim. ph - 47 (1950 624] 


hydrogen peroxide becomes independent of the dose. This equilibrium 
concentration of hydrogen peroxide is reported to be of the same order 
as the concentration of dissolved oxygen, in general agreement with 
the French workers, but it will be seen from the curves of Figure 11 
that Boner-Maury and Lerorrt find that the initial yield is also, to a 
first approximation, proportional to oxygen concentration. The matter 





Figure 12. Influence of pH 
on the yield of hydrogen per- 
oxide when water containing 
dissolved oxygen is exposed to 
x-radiation. 
[Bonet-Maury and L&EForT 
J. Chim. phys. 47 (1950) 179] 











is not easily investigated experimentally because of the low yields 
involved, but can be of crucial importance in the interpretation of 
biological experiments in which effects brought about by low doses are 
of great interest. 
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b The yield of hydrogen peroxide resulting from exposure of aerated 
water to a-radiation is not appreciably different from that in gasfree 
water. It varies linearly with dose, is independent of dose rate, pH and 
temperature except when a change in state is involved (see 1b above). 





a 


Figure 13. Influence of dose 
rate on the yield of hydrogen 
peroxide when water con- 
taining dissolved oxygen is 
exposed to different doses of 
x-radiation. 
[Bonet-Maury and LrErorr 
J. Chim. phys. 47 (1950) 179] 
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It will be observed that in water containing dissolved oxygen the 
a-ray yield, which is constant at M/N ~ 0°3, may be either less than 
or greater than the x-ray yield, which, according to circumstances of 
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Figure 14. Influence of dis- 

solved oxygen on the yield of 

hydrogen peroxide when water 

is exposed to different doses of 

x-radiation. [LEFortT 7. Chim. 
phys. 47 (1950) 624] 
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dose, pH, dose rate, oxygen concentration and temperature, varies 
from M/N ~ 0o'g to o. 

c The production of hydrogen peroxide may be affected by the con- 
centration of dissolved hydrogen. According to ALLEN*’ dissolved 
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hydrogen depresses the equilibrium concentration of hydrogen peroxide 
reached by prolonged exposure of pure water to all types of ionizing 
radiation; while the pressure of hydrogen over the water must be several 
atmospheres to affect the x-ray and proton yields, it need only be a few 
centimetres to affect the y-ray (fast electron) yield. 

The primary physical act undoubtedly consists of the ejection of an 
electron from a water molecule, leaving it as a positively charged water 
ion H,O*, and the attachment of the ejected electron to another water 
molecule at some little distance, giving rise to a negative water ion 
H,O-. The initial separation of these two ions in space constitutes an 
essential difference between the radiochemical and photochemical de- 
composition of water and profoundly affects the changes which follow. 
The positive water ion H,O* would be expected to decompose at once, 
H,O* > OH + Hr’ Ag. and there is very strong evidence that the 
hydroxyl radical is one of the products resulting from the exposure of 
water to ionizing radiation. It is supposed likewise that the reaction 
H,O- > H + OH also proceeds at once, giving rise to H atoms. These 
H atoms are generally considered to play an important role in the 
formation of hydrogen peroxide when aerated water is exposed to par- 
ticles of low linear ion density, and it has been suggested that the reac- 
tion may proceed through the intermediary of the unstable radical HO). 

H + O, > HO, 
HO, + H > H,QO,; or 2HO, > H,O, + O, 
All these reactions are highly exothermic. 

While the course of the reactions initiated by H and OH radicals is 

still often a matter of speculation, there can be little doubt but that 


all types of ionizing particles generate these two radicals along their 
tracks, as postulated by Werss'®. The physical basis of the distinctive 
types of chemical reaction initiated by low and high ion density 


particles will be discussed in the next section. 


Aqueous solutions 

Very many substances have now been shown to be changed chemically 
when irradiated in aqueous solution by x- or y-radiation. A few of these 
transformations have also been studied under the influence of other 
ionizing radiations. The transformations are of many kinds, of which 
several, of special biological interest, are given below. In some of the 
reactions OH and H radicals are clearly implicated. Ionic yields of 
the order of unity are common (i.e. ~ 30 micromols/litre for a dose 
of 10° erg/gm). Yields more than a few times this value are very rare*. 


1 Inorganic oxidation reduction systems—The displacement of equilibri- 
um between reduced and oxidized forms of cations e.g. Fe**/Fe**, 


* This holds also for chain reactions if the yield is measured by the number of chains initiated. 
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Ce3* /Ce*, and anions e.g. Fe(CN)*+/Fe(CN)?, AsO}-/AsO}-, SeO?-/ 
SeO;, NO,/NO,, which according to circumstances may result in a 
net oxidation or reduction. 

In general the yield falls at very low concentrations—possibly due to 
failure of the solute to react with either radical before these combine 
to re-form water. At high concentrations of solute, however, the yield 
is generally independent of solute concentration but depends on pH, 
temperature, and the concentration of dissolved oxygen. As might be 
expected, dissolved oxygen generally favours a displacement of equi- 
librium towards oxidation. Krenz and Drewnurst’™, for example, 
observed under certain conditions a fourfold increase in the amount of 
ferrous iron oxidized under the influence of x-radiation when the 
solution is aerated—a result which accords exactly with a simple 
hypothetical mechanism by which the H atoms contribute to the 
oxidation through the formation of HO,. On the other hand, Am- 
PHLETT'® has shown that many factors influence the final Fe**/Fe?* 
ratio resulting from exposure to x-radiation, and in particular that 
ferric iron is reduced to the ferrous form even in the presence of 
dissolved oxygen, if o-phenanthroline is present in solution, a substance 
known to form particularly stable complexes with ferrous iron. Again, 
Haissinsky and Lerorr'® find evidence that the OH radical contributes 
to the reduction of ceric salts by «-radiation. 

2 Organic reactions—The substitution of OH for H in aromatic hydro- 
carbons, as in the conversion of benzene to phenol (Strern and Werss'®’) 
and the substitution of OH for NH, in the deamination of amino acids 
STEIN and Weiss'®*). Ammonia has been shown to be liberated from a 
large number of amino acids by Date, Davies and GiLBert'® and 
from nucleic acid® (cf p 259); and many molecular substitutions or 
other changes, often of an oxidative nature, have been demonstrated 
for cholesterol and other sterols, benzidine, hydroquinone, tyrosine, 
adrenalin, ascorbic acid, nicotinic acid, riboflavin and histidine. When 
more than one product is formed it is generally found that the pro- 
portional yields of the different products, as well as the absolute yield, 
is different for high and low ion density radiations. 

3 Polymerization—Polymerization of water-soluble vinyl and acrylate 
derivatives (Darnron!”) and the polymerization of these and similar 
substances in non-aqueous media (CHAPIRO, Cousin, LANDLER and 
Macart'”*), These are chain reactions, known to be initiated (and often 
terminated) by OH and H radicals, and have proved valuable in the 
study of the kinetics of reactions which take place along the tracks of 
individual particles. 

4 Loss of specific catalytic power by enzymes—For all enzymes so far 
investigated in aqueous solution, the proportion of the original enzyme 
which remains active at the end of the exposure is an exponential 
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function of the dose. This result is ascribed to competition between 
active and inactive enzyme for the radicals formed along the tracks of 
the particles'”'. For the enzyme d-amino acid oxidase!” the protein 
and the prosthetic group (dinucleotide) may be irradiated separately. 
On re-forming the enzyme roughly the same number of molecules is 
found to have been inactivated whichever part has been irradiated, 
and twice the yield is obtained if both parts are exposed to the same 
dose separately and recombined. If irradiated together, the protein is 
itself inactivated, but completely protects the dinucleotide so that the 
degree of inactivation is the same as if either portion had been irra- 
diated separately. DALE found that sodium nucleate from thymus 
(desoxyribonucleic acid) and from yeast (ribonucleic acid), thiourea, 
sodium nitrite, fructose, sodium formate, and potassium sulphocyanide, 
sucrose and glucose were particularly effective in protecting the enzyme 
against inactivation by x-radiation. Protection in its simplest form 
consists of competition between the enzyme and the added solute for 
active radicals, but DALr’s later experiments show that this simple 
conception is often inadequate. It is generally found that good protective 
substances such as thiourea become less effective per unit concentration 
as the amount of protective substance in solution is increased and it is 
necessary to postulate more complicated transfer of energy or reacti- 
vation back and forth between enzyme and protector in order to account 
for the observed kinetics. 

It is already evident that the inactivation of enzymes may proceed 
by different mechanisms according to the chemical nature of the groups 
upon which enzymatic activity depends. This is reflected in the manner 
in which the ionic yield depends on the linear ion density of the parti- 
cles and the presence or absence of dissolved oxygen, and in the type of 
substance which is capable of protecting the enzyme. 

In these respects, those enzymes studied by BARRON, the activity of 
which is believed to depend on -SH groups—phosphoglyceraldehyde 
dehydrogenase, urease, and succinoxidase—appear to have a number 
of properties in common. BARRON and Dickman!” estimate that 
phosphoglyceraldehyde dehydrogenase is inactivated with an ionic 
yield of around unity by y-, 8-, x- and «-radiation. He also finds that 
if partially inactivated by a small dose of either x- or «-radiation some, 
but not all, of the original activity may be restored by subsequent 
treatment with glutathione. No reactivation by glutathione was ob- 
served, however, after y-ray inactivation—a distinction between y- and 
x-radiation which is very surprising. This enzyme was found not to be 
inactivated by «-radiation if catalase is present in solution at concen- 
trations far below those at which the catalase might be expected to 
compete successfully for radicals. This observation accords with the 
known sensitivity of the -SH enzymes to hydrogen peroxide, the high 


295 





BIOLOGICAL ACTIONS OF IONIZING RADIATIONS 


efficiency with which hydrogen peroxide is generated by «-radiation 
and the known ability of catalase to accelerate decomposition of 
hydrogen peroxide. It is therefore presumed that inactivation through 
hydrogen peroxide formation is the principal mode of inactivation of 
this enzyme by «-radiation. 

With urease'”, it was possible to block the -SH groups during irra- 
diation by previously forming a reversible mercaptide. Under these 
conditions, exposure to y-radiation produced no inactivation at all 
—which supports the view that a specific oxidation of the -SH groups of 
the urease molecule is involved and not a general protein denaturation. 
Succinoxidase showed partial reactivation by glutathione after x-ray 
inactivation. 

Among the enzymes the activity of which is not known to be 
associated with -SH groups, carboxypeptidase’, ribonuclease!”*!"°, 
trypsin!”*, catalase'’®'7’, lactic dehydrogenase'”® and cytochrome oxi- 
dase!”* have been studied. These enzymes are not sensitive to hydrogen 
peroxide and in general show ionic yields which are somewhat smaller 
than those reported by BARRON and Dickman!” for -SH enzymes. In a 
very interesting series of investigations'”, CoL_trnson, Darnton and 
Homes were able to show that ribonuclease can be inactivated by OH 
radicals produced chemically—as a by-product of the reduction of the 
ferric ion by ultraviolet radiation, or by the interaction of ferrous iron 
with hydrogen peroxide, or by the photolysis of hydrogen peroxide. 
Using the third method they were able to demonstrate that inactivation 
by chemically produced OH radicals is exponentially related to the 
total number of radicals formed. Since this enzyme is insensitive to 
hydrogen peroxide, not protected by catalase in low concentrations, 
and inactivated by chemically produced OH radicals, there can be 
little doubt but that an OH radical mechanism is involved in the 
radiochemical inactivation. 

Carboxypeptidase has been very thoroughly studied by DALE and 
his collaborators. Over a concentration range 10° to 107! gm/ml of 
enzyme the x-ray ionic yield is constant and equal to about M/N = 
0°16, irrespective of the concentration of dissolved oxygen. The «-ray 
ionic yield is very low indeed—between 1/r1oth and 1/25th of the x-ray 
ionic yield—so low, in fact, that the whole of the «-ray inactivation can 
be ascribed to the short electron tracks or 6-rays which branch out 
from the main «-ray track. It is thought that inactivation by low ion 
density radiation probably involves an OH radical mechanism. The 
low a«-ray yield is presumed to result from the fact that the OH radicals 
formed by this radiation combine together to form hydrogen peroxide 
to which the enzyme is insensitive!’®, 

The inactivation of catalase appears to be rather complex'”’. It is 
apparent that many of the differences referred to above between one 
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enzyme and another hinge on the relative sensitivities of the different 
enzymes to hydrogen peroxide. The indirect inactivation of viruses by 
exposure to x- and y-radiation in dilute aqueous solution may also 
proceed in part by the formation of hydrogen peroxide (ALPER)!”. 


Biological implications 

It would be premature to attempt to assess the biological implications 
of these in vitro experiments. It is clear, however, that if enzyme in- 
activation, directly induced by irradiation, is an important form of 
primary injury, the enzyme in question must be so disposed in the cell 
as to have free access to the radicals formed along the tracks. This could 
not be so in a homogeneous solution having the same mean composition 
as the cell on account of the protective effects of the bulk ofthe materials 
composing protoplasm. An entirely different situation can arise, however, 
if the enzyme forms a surface film, as has been shown experimentally 
by Maza and BLuMENTHAL', These authors studied the inactivation 
of pepsin when spread with albumen as a monolayer on the surface of 
water. The pepsin was half inactivated by doses (10*erg/gm) of the order 
of those generally used in the study of radiation damage to proliferating 
cells. This result would be consistent with the homogeneous phase re- 
actions if all the radicals formed within ~ 10cm of the surface gained 
access to the film. Whether this is so is not yet known. The amount of 
pepsin inactivated varied with the surface pressure of the film in a 
manner suggesting that molecular orientation was playing some part in 
determining the efficiency of the inactivation. 

We have already noted (cf p 284) that many vital processes in pro- 
liferating as well as fully differentiated cells are brought to a standstill 
only by doses of 10’ erg/gm and upwards, from which it would seem 
fair to conclude that respiratory and glycolytic enzyme systems in many 
types of living cells can survive very large doses of radiation. It is inter- 
esting to note that these enzymes display a comparable degree of 
resistance to chemical inactivation under in vivo conditions, though 
they are readily inactivated in vitro. This is well brought out by the 
recent experiments of Knox et alii'*' concerned with the inactivation of 
B. coli and of certain enzyme systems by chlorinated water (2.e. effect- 
ively by hypochlorous acid) and related agents. The enzymes studied 
were aldolase-triosephosphate dehydrogenase, d-amino acid oxidase 
and transaminase—which were all classed by the authors as -SH 
enzymes—and the results obtained bear a remarkable resemblance to 
radiation inactivation. In the first place it was found that the inactiva- 
tion of partially purified aldolase, extracted from B. coli and exposed to 
chlorinated water was approximately exponentially related to the 
‘dose’ of chlorine expressed as pg of chlorine per mg nitrogen content 
of the enzyme solution, over the range 0 to 70 per cent inactivation. 
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With d-amino acid oxidase, the form of the inactivation curve is not 
given, but inhibition is said to be complete after exposure to 270 ug 
chlorine per mg nitrogen. The 37 per cent inactivation dose is there- 
fore certainly considerably less than 80 atoms of chlorine per molecule 
of enzyme and is thus actually of the same order as the radiation 
inactivation dose, which has been estimated (LrA”, Table 21, p 46) to 
be between 10 and 50 ion pairs formed in water per molecule of enzyme 
inactivated. When the bacteria were exposed to chlorinated water the 
oxidation of glucose by the bacteria was always found to be inhibited 
under conditions which led to bacterial inactivation. The concen- 
tration of chlorine in the water needed for bacterial inactivation in- 
creased in proportion to the concentration of bacteria, so that it was 
possible to express a ‘dose’ for the bacteria as well as for the individual 
enzymes. The two doses were of the same order, expressed in ug 
chlorine per mg nitrogen of enzyme and of bacillus respectively, 
implying that other proteins within the bacillus competed with the 
enzymes for chlorine on approximately equal terms. The respiratory 
and glycolytic enzymes studied, therefore, do not appear to occupy 
within the cell a specially favoured position with respect to inactivation 
by chlorine—a fact entirely in keeping with the very large doses of 
radiation necessary to inactivate the same systems within the living cells. 

Thus while chemical inactivation by such powerful agents as chlorine 
may prove to be closely related to immediate death brought about by 
exposure to very large doses of ionizing radiation, it does not as yet 
appear to bear any obvious relation to the mechanism whereby cells 


which have been exposed to doses which are smaller by many orders of 


magnitude lose their power to proliferate after passing through one or 
more cell divisions. 

It would seem that any attempt to formulate a biochemical mecha- 
nism for radiation damage which does not take into account the unique 
feature of radiation that the chemically active entities to which it gives 
rise are formed regionally, throughout both nucleus and cytoplasm, in 
high concentration along the tracks of individual particles has little 
hope of accounting for the types of radiation damage seen in cells 
exposed to doses of up to 10° erg/gm. 


SPATIAL DISTRIBUTION OF IONIZATION AS A FACTOR IN 
RADIOCHEMICAL AND RADIOBIOLOGICAL REACTIONS 
The study of the effects of ionizing radiation presents the chemist with 
a new situation, which arises from the fact that reactions are frequently 
completed in the immediate vicinity of the tracks of the ionizing 
particles. Interaction between radicals and products of reaction formed 
along different tracks is only to be expected for large doses delivered at 
high dose rates, and will be less marked with high ion density particles 
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than with low. The study of reactions which are confined to the indi- 
vidual tracks offers a peculiarly difficult problem in chemical kinetics, 
since the initial state is one in which radicals are formed instantaneously 
along a track and recombine or react with solute while diffusing out- 
wards. Electrostatic gradients may be set up on account of the initial 
non-random distribution of the ions H,O* and H,O~ (Reap'*). Fol- 
lowing upon this there will also be a condition in which exceptionally 
high concentrations of hydrogen ions and of hydroxyl ions exist in 
juxtaposition. Moreover, through recombination of the H* and OH" 
ions (the counterparts of the H and OH radicals)—and to a much 
greater degree through recombination of radicals if this takes place to 


any appreciable extent—there will be a highly localized liberation of 


energy leading to a rapidly changing radial distribution in the mean 
energy of activation of the reactants. 

The situation with high ion density particles is different in a very 
interesting respect from that with low ion density particles, which is 
evident when one considers the tracks in three dimensions (DALE, GRAY 
and Merepiru!'’*; Gray’), High ion density radiation, typically, 
z-radiation, forms a concentrated inner column of H,O* molecules 
which are believed to transform immediately into H* and OH. The 
electrons are thrown out some little distance to form H,O™ ions believed 
to decompose into H and OH” which tend to form a sheath around the 
OH and H’. Both in respect to mutual interaction between OH 
radicals, reaction between OH and H radicals (recombination) and 
interaction with the solute, the situation is entirely different from that 
which obtains with low ion density radiation, in which the distribution 
of OH and H may be considered to be random within a single column. 
Different types of reaction may therefore be expected to be initiated by 
high and low ion density radiations respectively, with a transition 
from one type to the other occurring when the mean separation between 
successive ion clusters along the track is small compared with the mean 
initial lateral separation of H and OH formed by a single ionizing act. 
Unfortunately, information regarding the initial separation of the 
negative ion from the parent molecule, which determines the initial 
separation of H and OH is only based on inference. ‘The best estimate 
appears to be around 15 my, which should place the transition from 
one type of chemistry to the other at an ion density > 180 ion/ (60 
ion clusters per uw). This accords well with experiment. The experi- 
ments of Bonet-Maury and Lerort show that the transition certainly 
occurs between 100 ion/u, the mean ion density along the tracks of the 
secondary electrons generated by x-rays, and 4,000 ion/y, the value 
for «-particles. Toutts'® finds that protons having an energy of 8 Mev 
produce no hydrogen peroxide in de-aerated water and _ therefore 
behave essentially like low ion density particles, which places the 
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transition above 200 ion/z. In the study of the decomposition of ethyl 
iodide, Lerort, Boner-Maury and Fritvey' found that 4 A x- 
radiation has the same ionic efficiency as higher voltage x-radiation, 
while both differ from «-radiation. This sets the transition zone well 
above the ion density of a 3 kv photoelectron 7.e. well above 300 ion /1, 
or at, say, around 600 to 1,000 ion/u, corresponding to a proton of 
1 to 2 Mev energy or neutrons of 2 to 4 Mev energy. As is well known 
(Gray) it is precisely in this region of ion densities that biological 
efficiency is changing most rapidly with ion density. 

In the biological problem two factors must therefore be considered; 
first, high ion density radiation gives rise to a greater concentration of 
energy and of chemical products of all kinds in the immediate vicinity 
of the biological structures or surfaces traversed by the particles; 
secondly, as we now see, the nature of the chemical products formed 
by high ion density radiations will often be different from those formed 
by low ion density radiations. Comparative studies of the influence of 
the physiological condition of the cell when exposed to high and low 
ion density radiations should prove valuable in the analysis of this 


complex situation. 
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